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ABSTRACT

Space power supply manufacturers have tried to increase power density and
construct smaller, highly efficient power supplies by increasing switching frequency.
Incorporation of a power MOSFET as a switching element alleviates switching loss.
However, values of Rpg(,n) (drain-to-source resistance in the on-state) for MOS-
FET’s are of such magnitude to produce greater on-state losses than an equivalent
BJT operated in saturation. This research serves to introduce a design concept. per-
tinent to low-voltage relatively-high-current applications, that minimizes the peak
current through the switching element in order to reduce average power loss. Basic
waveforms produced by different PWM and resonant mode topologies were exam-
ined. Theoretical analysis reveals that a ramp-sine current waveform could cut
conduction power loss by at least 18% over a conventional Buck switching con-
verter. A 14V, 14W combination quasi-resonant Buck/ZCS, Quasi-Resonant Buck
dc-dc converter with an unregulated input voltage of 28 V was built for simplicity
to demonstrate one particular waveshaping technique. This converter represents a
useful example of an actual circuit which is capable of producing the desired ramp-
sine switch-current waveform. Final results confirm improvement in conduction loss

enhancing existing power MOSFET technology for use in dc-dc power conversion.
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I. INTRODUCTION

A complete satellite power system consists of a multipanel solar cell array,
a rechargeable battery, voltage limiting elements, and power conditioning devices
such as voltage regulators and direct current-to-direct current (dc-dc) converters.
Spacecraft power systems are involved in the efficient collection, transformation,
and distribution of accessible solar, chemical and/or nuclear energy into electrical
power for consumption by other systems and payloads. Advancing technology for
spacecraft has placed increased demands on components of the system itself. Use of
improved power electronics for power conditioning is today a necessity. The power
conditioning aspect associated with electrical power systems has become the heart of
all spaceborne craft. Power control electronics are responsible for effectively fulfilling
the engineering power management function (power flow control, balanced energy
management of multiple power sources and energy storage elements, autonomy of
system operation during all mission phases, and elimination of potential mission
critical failure modes) onboard all orbiting platforms. [Ref. 1:p. 391]

The power distribution of energy to other systems and payload equipment
alike in an unregulated bus is accomplished through decentralized dc-dc converters.
Designers distribute raw unconditioned dc power and regulate the voltage at the
point of use in order to build redundancy into a system. Large numbers of converters
are therefore necessary to meet all voltage and power requirements present in a
spacecraft.

Spacecraft power systems were for a long time considered of secondary im-

portance, considered to be very conventional in nature, and hence received minimal




attention during the thought process from which development of the satellite sys-
tem architecture occurred. A study conducted on eight Jet Propulsion Laboratory
funded programs, Mariner Mars 1964 through Galileo 1986, reveals in Figure 1.1,
that about 30% of total spacecraft weight is concentrated in packaged electronics
[Ref. 2:pp. 134-135]. With the greatest potential for spacecraft mass savings com-
ing in this area over time, as proven in Figure 1.2, the impact of efficient circuit
operation and physical realization of electronic power subsystems has become read-
ily apparent. The call for improved efficiency and higher switching frequencies has
renewed interest in both resonant and pulse width mode (PWM) technologies.

One of the most significant opportunities for improving power density in a
dc-dc converter (as illustrated in Figure 1.3) comes in the area of the switching
element. Power Metal-oxide Semiconductor Field Effect Transistors (MOSFETs)
allow dc-dc converter operation to take place at higher switching frequencies, using
relatively simple drive circuitry to add to system reliability. However, this device
cannot operate without loss and is impaired by certain kinds of dissipative losses.

Power losses in a dc-dc converter are comprised of both switching losses and
conduction losses. Switching losses increase in direct proportion to frequency. Each
time the switching element is turned on or turned off, as demonstrated in Figure
1.4, a proportional amount of energy is dissipated. The more frequently the device
is operated, the greater the power loss. At the other end of the spectrum exist
conduction losses. This form of energy dissipation represents an almost constant loss.
strictly dependent upon the converter load and the on-resistance characteristic of
the particular MOSFET chosen as the switching element [Ref. 3:p. 322]. MOSFETs
are capable of fast switching, but are relatively high in conduction loss.

The motivation for moving towards higher switching frequencies as shown in

Figure 1.5 is to reduce the volume of the reactive energy storage elements, which
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comprise a major portion of a dc-dc converter. These elements become smaller
in size at higher frequencies, because they need to store relatively less energy for
shorter periods of time. For this savings to occur, the switching frequency must be
raised from tens of kilohertz to hundreds of kilohertz [Ref. 2: p. 319]). Beyond this
point, movement into frequencies in the megahertz range produces significantly less
yield. Tradeoffs due to parasitic elements start to occur. [Ref. 3:p. 319, Ref. 4:p.
61, Ref. 5:p. 362]

Power conversion designs employing conventional PWM dc-dc converters are,
however, besieged by switching losses at higher frequencies. PWM converters have
been perfected to operate most efficiently at an optimal switching frequency range
between 30-50 kHz [Ref. 6:p. 58]. In a square-wave operation, each time the
switching element is turned on or off, and current or voltage is interrupted, energy
is dissipated in the form of heat. Worry over a proper thermal design and the size of
the heat sink increases. To remedy this situation and alleviate switching loss, quasi-
resonant dc-de converters have recently been developed for use. Experimentally, this
technique using power MOSFETSs has been proven successful for higher frequencies
up to approximately 10 MHz [Ref. 4:p. 61]. This type of de-dc converter increases
efficiency as it separately improves reliability by alleviating switching stresses.

To achieve higher power system density and reduce the size and cost of the
power conversion subsystem designs, design engineers have, in their research and
development efforts, focused most of their attention on:

o higher switching frequencies,
e higher levels of circuit integration, and

¢ improved thermal performance [Ref. 3:p. 319).
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Figure 1.5: Relative Portions of a Space Consumed in a DC-DC Con-
verter Operating at 400 kHz [From Ref 3.]

However, it is the intent of this research to concentrate specificallv on conduction
loss. On a percentage basis, conduction losses are more prevalent in instances when
power is supplied at low voltages and high currents, as in satellites. This thesis. for
two reasons, is uscd to develop an engineering scheme which creates a switch-mode
current waveform that represses conduction loss in a power MOSFET.

First, when operating a conventional PWM dc-dc converter. a trade-off exists
in this technology between greater on-state losses and lower switching type trai-
sient losses. Power MOSFETSs are characterized by their fast switching speeds and
a relatively large forward drop in the on-state. As expected, a Bipolar Junction
Transistor (BJT) has a significantly less total power loss at low frequencies while
the performance of a power MOSFET is greater at high frequencies. Any improve-

ment in the form of the resulting switch-mode current waveform put through the




semiconductor switch will lessen the detrimental effect produced by conduction volt-
age drop in either case. However, the movement in the point of intersection (the
“crossover point”) between two curves showing the total power loss per unit area in
these two types of transistors caused by a reduction in on-state losses would prove
to be more instrumental in a majority carrier device functioning at a low frequency
and low voltage. A combination of either two or three ZCS, quasi-resonant dc-dc
converters would produce this effect and provide a boost in power density. This
in-turn would reduce the symptom of higher resonating rms current, which would
in the end cut conduction loss during the switch-on time interval.

Secondly, to a lesser extent, use of a ZCS, quasi-resonant technique would offer
the consideration of extra power transferred per switching cycle without an increase
in EMI.

The choice in this design is not to ameliorate component quality (e.g.. MOS-
FET on-resistance) or to employ a very heavy gate overdrive to reduce on-voltage
losses, but to concentrate on improving the behavior of the current waveform through
the converter switching element itself. This research re-examines the basic features
of both the Buck PWNM and ZCS, Quasi-Resonant dc-dc converters to develop an
ideal step-down converter topology. Combination of the best features of each type
of converter is targeted to produce an optimal circuit design with the following

characteristics in mind:

¢ low conduction losses due to use of a proposed waveshaping technique.
e higher operating efficiency,

e improved power density to lessen power demand requirements and reduce the

physical size of the overall power system itself,

b |




¢ one switching element,
e simple control circuitry,
e reduced radiation by employing a zero-current switching strategy,

e improved converter reliability and less stringent thermal design, which implies

reduced switching stresses and switching losses,

faster dynamic response from use of a power MOSFET.

Discussion in subsequent chapters begins by qualitatively developing a numer-
ical method to compensate for on-resistance loss generated within the switching
element. A technique used to minimize peak current through current waveform
shaping is brought forward.

Chapter 111 1s used next to present the different categories of power conversion
alternatives available to the power electronics engineer today. Each major type of
power supply is discussed concentrating on its ability to efficiently regulate supplied
electrical power and control power dissipation losses. In particular, the basic opera-
tional theory and circuit analysis of both the PWM Buck dc-dc power converter and
Quasi-Resonant, ZCS dc-dc power converter are given. This serves to introduce the
parameters which affect boundary conditions and influence the dc conversion ratio
in each circuit. The analysis is presented in a practical, easy-to-understand manner,
in order to comprehend how the various modes and waveforms are produced.

The impact behind the selection of the switching element is judged in Chap-
ter IV. The critical characteristics involved in the performance of POWERMOS
transistors are purposely deliberated.

The last chapter outlines the theoretical process involved in the development

of a ramp-sine current waveform. Certain design specifications are given. Specific

8




equations which dictate the exact relationship between the peak values of the two
individual current waveforms are identified. As a practical example, the ramp-sine
current waveform is produced from its brassboard model. The modes of the resulting
circuit are illustrated.

The remaining portion of the chapter deals with an evaluation of dissipative
losses from the operational circuit. As a result, a final comparison is made between
the magnitude of the relative values of conduction loss which exist between different

current waveforms.




II. GENESIS OF A NEW POWER
CONVERSION STRATEGY

Both the passive and active components affect the overall mass, volume, and
efficiency of a dc-dc converter. Analytical evaluation of the power losses associated
with these elements therefore becomes necessary to achieve an optimal power system
configuration.

Relatively speaking, as previously shown in Figure 1.3, the second highest
power loss in a dc-dc converter comes in the activation of the primary power switch.
Losses in the semiconductor device can reduce overall converter efficiency by 5-10%
[Ref. 3:p. 322]. The seriousness of the loss is amplified and becomes significant as
efficiencies begin to approach 90%.

The power dissipated, Py, in a converter circuit is due to a combination of
conduction and switching losses occurring in the switching element at turn-on and

turn-off. Expressing these losses in their equation form leads to,

PL=Pcond+Psw (21)

where

o P, nq = Total amount of conduction loss due to non-zero on-resistance, Rps (,n)-

during switching element on-time.

o P,, = Total amount of switching loss due to power dissipated in the switching

element during both turn-on and turn-off times, and the type of load switched.

10




Attempts to further reduce dc-dc converter size and increase power handling density
has led to much research using higher frequencies to eliminate switching losses. How-
ever, first and foremost, research in this section qualitatively seeks to demonstrate
a means to compensate for on-resistance related losses. Assuming a fixed block-
ing voltage, on-state current, and device area, Figure 2.1 clearly demonstrates the
limit conduction losses have placed on power MOSFET devices today. As switching
frequencies extend into the 10 MHz frequency range and parasitics are explicitly in-
corporated into topological designs, emphasis on conduction losses can be expected

to escalate rapidly [Ref. 5:p. 363], [Ref. 8:p. 12].

A. WAVESHAPING TO LIMIT POWER LOSSES
1. Conduction Losses
Manipulation of the current waveform through the converter switching
element to control the conduction power loss is founded upon the following princi-
ples. First, the average amount of charge. @), that a switching element can transfer
in a prescribed amount of time, 7, is given by,

t2

Q= [ i(t)dt (2.

t

Lo
o

where 7(t) is the switch-current waveform under consideration. If 7 is fixed, the
maximum amount of charge attainable is strictly dependent upon the quantity of
current, (). present. Figure 2.2 represents three basic current waveforms with
identical values of 7. In each case, peak current is expressed in terms of normalized
charge, Q. divided by on-time, 7. As shown, the rectangular waveform most effec-
tivelv supplies the desired amount of charge for the lowest value of peak current.

L
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Figure 2.1: Qualitative Plot of Conduction Losses and Switching Energy

Versus the Amount of Stored Charge [From Ref. 7]

Secondly, the average power dissipated by the switching element in the

same cycle is proportional to,

Rps,

Pcond =

T

or

Pcond = fsTIz)(On) RDS(on)

where
e 7 = Switching element on-time,
e T = Switching period,
e f, = Switching frequency.

¢ Ipn) = On-state drain current,

on)




¢ Vps(on) = On-state drain-to-source voltage, and
® Rps(on) = Drain-to-source voltage in the on-state.

If Rpson) and T are assumed to be equal to one in value, the power consumed by
the conduction process is strictly dependent upon the current as a function of time
squared. Control over this parameter is vitally important, and hence becomes the
dominating theme behind the development of a waveshaping technique. Using the
ramp function found in Figure 2.2 as an example, substitution of i(t) = (I,/7)t into
Equation 2.3 yields

Pcond = %Iﬁ ) (25)

an equation for powver loss in terms of peak current and device on-time. Replacement
of peak current in Equation 2.5 with an appropriate value of normalized charge
produces figures for accompanying values of current and power. Results recorded
in Table 2.1 prove, in this instance, that a ramp like current waveform is 33% less
efficient than a rectangular waveform having a Q of one. Similarly, if the same
logic is applied again, an expression can be developed for any half-sinusoidal current

waveform as a function of time using.

i(t) = /OT"‘ sin (;) dt (2.6)

where 7, is the half period of the mt"

sinusoid in question and m is the integer
number value of the particular waveform under consideration.

In contrast, a singular sinusoidal current waveform as shown in Table 2.1 can
be expected to realize a 7.43% improvement in conduction loss over the ramp current
waveform.

In order to experiment with different combinations of waveforms and to

extend this analysis one step further, an optimization routine entitled ZXMIN was
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TABLE 2.1: Waveform Results

% REDUCTION
WAVEFORM I, P Q RAMP
Ramp 2.000 1.333 1.0 0.00
Sine 1.571 1.234 1.0 7.43
Sine-Sine 1.395 1.147 1.0 13.95
Ramp-Sine 1.388 1.086 1.0 18.60
Sine-Sine-Sine  1.372 1.302 1.0 2.33
Ramp-Sine-Sine 1.171 1.001 1.0 24.90

used to lessen the prodigious amount of calculations involved. This algorithm, which
is a part of the IMSL library, uses a quasi-Newton method to locate the minimum
of a function f(z) of N variables, * = (2,23, +,2.). By squaring the sum of the
different current waveforms in question and integrating over the switching element
on-time interval, a function proportional to the average power of the combined
waveforms is derived. Applying ZXMIN produces an output vector X of length N.
Vector X contains N final parameter estimate values, as determined by ZXMIN. that
causes the power function to be a minimum. Each estimate represents the current
amplitude and period required to minimize average power, P, at a () equal to one
for each combination. Appendix A is used to give a complete explanation of the
IMSL routine ZXMIN. Also, present in Appendix A are the graphical results to the
six different current waveforms analyzed.

Table 2.1, from the calculations performed in Appendix A, lists for each

current waveform the minimum power, P, and associated current value, {,, required

14




to produce a charge, @, of one. The current I, represents the resulting minimum
peak current from the sum of m different waveforms being added together. Utilizing
the ramp waveform as a benchmark, the particular combination of the ramp, sine,
sine waveforms is most advantageous. A 25% reduction in conduction power loss is
obtainable in comparison to the ramp waveform alone.

2. Switching Losses

Switching losses in a power MOSFET can be calculated using,

Jo | o Vosem [ 5= (1= )| + TowVosan [ 7| de (27)
s D(ony ¥ DS(on) o tsl t32 Don YDSon 0 ¢ &

82
2 t

= fs]D(o")VDS(o") [gtsl + %]

P,

where
e t,, = Current rise time, and
e t,, = Current fall time.

Higher operating frequencies imply proportionally greater energy losses. When
switching frequency is increased, larger heat sinks are required in de-dc convert-
ers as the fixed amount of power dissipated during each cycle is repeated more
often. Hence, switching losses limit dc-dc converter size. [Ref. 3:p. 322. Ref. 9:p.
4.5]

The results found in Table 2.1 are promising and a discovery of this
nature may have other possible ramifications as well. Being able to construct a
current waveform containing sinusoidal elements would constitute the creation of
a zero-current-switching waveform. Turning the switching element on and ofl at

zero current would not contribute, but assist in reducing both switching losses and




switching stresses. Thus, additional and unexpected gains in power density, effi-
ciency, and reliability could be achieved in low voltage power applications. [Ref. 10,

Ref. 11:p. 377-378]
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III. POWER CONVERSION ALTERNATIVES

The concept of both linear and switch-mode power supplies is not new. As
illustrated in Figure 3.1, there are several different types of power supplies available
that will allow a design engineer to transform dc at one voltage level to dc of another
voltage level. Over the years, the array of differences in voltage and current require-
ments specified for different applications has produced a variety of tailor-made dc-dc
converters specially designed to meet this indigence state.

In a MOSFET, where conduction loss is
Pcond ~ ]1‘2)"“S ) (31)

the drain current, /p, must be as small as possible to achieve highest efficiency. This
chapter serves to examine how peak drain current through the switching element
varies in two selected topologies.

The discussion begins with an investigation into the approach used in both
linear and non-linear power supplies (square and sine-wave) to achieve voltage reg-
ulation in dc-dc power conversion; characteristic voltage and current waveforms are
then explored to understand their waveshaping modus operandi. Today’s superior
high-frequency semiconductor devices permit active waveshaping to be employed as
a methodology to better control and process power. Active waveshaping tyvpically
increases power density by extirpating most of the weight and volume normally
dedicated to low frequency filter elements. Completion of this study is used by the

author to verify that the current waveforms for the Buck and ZCS. quasi-resonant
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dc-dc power converter topologies are appropriate for use in the framework of a dc-
dc converter design. A model is developed for each converter type chosen which

analyzes their structural properties and resulting voltage and current waveforms.

A. DISSIPATIVE OR LINEAR POWER SYSTEMS

In the basic design of a linear power supply, as shown in Figure 3.2, the
converter uses a series linear element, usually a transistor operating in the continuous
conduction mode, to act as a variable resistor to control and regulate the output
voltage. The voltage across the pass transistor is always equal to the difference
between the input and output voltage. In the linear mode of operation, dissipation
in the controlling element is high and converter efficiency is low (30-60%). The linear
regulator circuit provides precise line and load regulation required at the output of
the supply. Although simple in design, this regulator type possesses no waveshaping
capability. Hence, both the series and shunt dissipative regulators are of little use

to the design engineer in reducing system losses.

B. NON-DISSIPATIVE OR SWITCH-MODE POWER SYSTEMS

There are three separate classes of switch-mode converters available for use.

they are:
e Square-wave.
e Resonant. and

e Quasi-resonant.

Classically. each type of switch-mode converter is composed of a power handling
device arranged in tandem with a distinctive number of passive energy storage ele-

ments, inductors and capacitors. to form a unique topology capable of transforming
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energy supplied by the source to the load. The power transistor is treated as an ideal
switch. The kind of power transistor chosen is selected to operate in either its satu-
rated (ON) or cut-off (OFF) mode to minimize power losses. The constant periodic
changes between the two states makes these converters non-linear. Switch-mode
converters possess the ability to use the fraction of time that the switch remains on
(7, ton, DT, etc.,) in comparison to the switching period to regulate power flow to

the load. The switching regulator obtains high efficiencies as a result of:

o its ability to vary the duty cycle to raise the switching frequency above the
line frequency to reduce the volume of reactive components and limit power

losses. and

e excellent closed loop load-transient response over wide ranges in load current

[Ref. 12:p. 53].

Major internal losses, however, do exist from high currents flowing through the
saturation resistance at transistor turn-on and transient switching losses occurring
at higher frequencies.

The combination of high efficiency. small magnetics. and reduced switching
stress has resulted in improved, more reliable power converters rated at 200 W,
which are emerging with power densitics approaching 1 kW/in® at 98% efficiency
[Ref. 13].

1. Square-wave Converters

As implicd by Figure 3.3, a great variety of possible switch-mode topolo-
gies can be constructed using any particular combination of switches and storage
components. However. only one out of the four of the most elementary converters.,

which are fundamental to all other derived dc-de¢ converters. is discussed here.




Figure 3.3: General Arrangement of Storage Components, Switches, and
Low Pass Filter Elements in a Switch-mode DC-DC Converter [From Ref.
14]

The PWM controlled dc-dc converters, illustrated in Figure 3.4, operate
in a switching mode rather than an analog mode to impress square waves of current
and voltage onto power semiconductor switching elements. The desired dc output is
controlled by use of a switching transistor, inductor or high frequency transformer.
rectifier, and output filter network to properly regulate the voltage against changing
line and load conditions. Typical square-wave converters process power at a rate of
20 to 500 kHz. Within this frequency range, the system is considered to be optimal
in size. weight. reliability, and cost. Above this plateau, square-wave converters
are completely overwhelmed by frequency related losses. At the cost of complexity.
MOSFETs are generally used in resonant circuits to alleviate this condition.

a. Buck DC-DC Converter

(1) Operational Characteristics
The simplest and most fundamental configuration to under-

stand is the basic Buck converter, illustrated in Figure 3.5. This switching regulator
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Figure 3.4: Input and Output Current Waveforms of Basic DC-DC Con-
verters [From Ref. 15]

is comprised of the following components: an ideal switch, sw, which can be real-
ized in this case by the implementation of a BJT with a free-wheeling diode, D;:
a dc power source. V: and a L-C filter used to reduce voltage ripple and provide a
constant output, V,,.. across the load, R;. The value of C is chosen such that it
is sufficient in size to ensvre that the change in V7, (AV7) is small. The diode and
transistor used in this discussion are assumed to be ideal switching components.

In a Buck dc-dc converter. the regulated output voltage. V...
is always less than the given range of the input, V. Using an integrated circuit con-
troller, the output voltage, V,,,, can be compared with a stable reference voltage to
create an amplified error signal to generate either a PWI or Frequency Modulated
(FM) waveform, which will control the switch-off period adequately.

During the switching cycle in a Buck dc-dc converter, switch.

sw, as indicated in Figure 3.5(a) is periodically manipulated after a given amount
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of time, 7, from position A to position B for time¢ T — 7. The circuit topology in
Figure 3.6 results. When switch, sw, is placed in position A at the beginning of
the cycle time, to, the input voltage, V, is greater than the output voltage, Vou:.
This produces a constant voltage, Vi = V — V,, across inductance, L. Diode, Dy,
is reverse-biased due to the polarity of input voltage, V. This forces all current to
flow into inductor, L, and a voltage to build across capacitor, C. Inductor current,
ir(t), ramps upward producing an output voltage across the load with a polarity
in the direction as shown in Figure 3.6. This process occurs approximately until
the output voltage, V., exceeds a given reference voltage and the switch moves to
position B. The peak current, I, developed in the inductor is directly proportional
to the amount of time switch, sw, is turned-on.

Once a value of V,,, 1s achieved, switch, sw, is turned-off or
opened at time ¢ = 7. The voltage, V;, immediately drops to zero volts and the
stored magnetic energy in inductor, L, reverses its field polarity to preserve the flux
created by the formerly applied emf, causing diode, D, to become forward-biased.
Diode D,, behaves as an automatic switch, able to commutate inductor current.
Current through inductor, L, begins to ramp downward as current is discharged
into both the load, R, and filter capacitor, C. Note, that the output voltage
polarity across the load, Rr. vemains unchanged as the voltage out, V. remains
constant.

At the end of the second time interval, either one of two different
operational conditions can prevail. If the inductance current, 7,(¢), throughout
the course of the switching cycle in Figure 3.7(a) never reaches zero, the circuit
operationally is specified as acting in the continuous conduction mode. Inductor
current, iz (1), is always some non-zero positive value. However, if all accumulated

energy in inductor, L, is expended and dissipated in the load, capacitor C' will be

)
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forced to s’art its discharging process. This in turn will cause the output voltage
to fall. The capacitor will completely discharge through the load due to diode, D,,
positioning. At this point in time, switch sw will return back to position A and
the process will repeat itself. A switch-mode converter in which the inductance
current, ¢1,(¢), becomes zero during a portion of the switching process, as shown in
Figure 3.7(b), is specified as operating in the discontinuous conduction mode. The
minimum amount of time necessary for the load to dissipate the energy built up in
the inductor for a given on-time, 7, is dictated by the size of the load requirement
itself. As it will be shown in subsequent paragraphs, transition from a continuous
to a discontinuous conduction mode can also be made a function of duty cycle, D,
switching frequency, f,, and inductance, L, as well.
(2) DC Voltage Conversion Ratio

For any given design neglecting the voltage drop across the
diode and the saturation voltage drop of the transistor in Figure 3.5, duty cycle, D,
is defined as

-

D=z=1f, (3.2)

where
e 7 = Switch on-time,
e f, = Switching frequency, and
o T = Switching period.

Given the fact that the average voltage across an inductor over a complete period
is zero, the volt-seconds stored in the inductor during interval, 7. must equal the
volt-seconds released during the inductor discharge interval [Ref. 14:pp. 282-283.

Ref. 17:p. 4]. Because of this. in the steady state the initial and final values of
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the inductor must be equivalent. Therefore, it can be stated that over two switched

intervals,

/ODT vt = — /DTTdet (3.3)

Energy stored [volt —sec] = FEnergy released [volt — sec]
or after completing the necessary integral calculation noted above:
(V - voui)DT = Vout(l - D)T * (34)

As a result of this criterion, a Buck dc-dc converter functioning in the continuous

conduction mode will have a duty cycle, D, of,

vout
Vv

D=

(3.5)

By defining M, a commonly used dimensionless parameter, as the dc voltage ratio

(or converter gain) as

A[ _é_ Vout

; (3.6)

the step-down dc conversion ratio for a Buck dc-dc converter can be expressed as.
M = D [Continuous conduction modc] . (3.7)

Equating Equation 3.2 to 3.5, it is obvious that V,,, will always be less than V in
value.

In the discontinuous conduction mode, the energy stored in the
inductor during the interval, 7, and then subsequently recovered during discharge.

Tmin — T. OF DT, is slightly different than the aforementioned case or,
(V - Vouf)DT = Vau((Tmin - T)T (38)

where Ty is the period of maximum switching frequency.
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This equation, which reduces to

VD VD
Vout = = ) .
‘"Dt Tmm-1) D+D; (3.9)
allows for a step-down conversion ratio of
M= Vou _ _D [Discontinuous conduction mode] (3.10)
V. D+D, ' '

To develop a similar relationship for the dc voltage conversion
ratio of a Buck converter functioning in its discontinous mode, it first must be
understood that the dc output current (Ip,,; = %%‘21) found in the load must match
the average value of the current present in the inductor over time T or, from Figure
3.7b,

Lr 1

+ 2(Tmin —7) . (3.11)

liwel =545

Peak current, I, in the inductor can easily be determined from the very well-known

inductor voltage relationship

V= L% (3.12)
as being
I, = .,.Qi__L\_/O_“‘l = DTQ—%M (For inductor chargc) (3.13)
and, equivalently,
I, = Voutﬁn_‘"r__l = VOMQI},I (For inductor discharge). (3.14)

Therefore, by substitution of Equation 3.13 into Equation 3.11, Equation 3.15 re-

sults,
]L _ Vout - VoutD2
AV G RL 2L

in order to achieve an equation for D,. The equation for D, is
-DxvD*+4Kk K 2
2 Dy+ 1+
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T (D + D,) (3.15)

D;(D, K) = (3.16)




where

. 2L oLf,
K=gr="F%"" (3.17)

This produces the desired result of
Vour _ 2

Vo i N+ &
in terms of D and K by careful substitution of Equation 3.16 into Equation 3.10 for
D;,.

M(D, K) =

[Discontinuous conduction mode]  (3.18)

It is very important to note the dramatic effect the parameters
D,, D, and K have on the voltage out of a Buck dc-dc converter operating in the
discontinuous conduction mode. The dc gain exhibits a very strong dependence on
switching frequency, inductor size, loading condition and duty cycle. This outcome
is in very sharp contrast with Equation 3.7, the result for the continuous conduction
mode.

A converter can be operated in an open or closed loop manner.

In an open-loop consideration, the converter is operated inde-
pendently of the feedback regulator [Ref. 18:p. 148]. The duty cycle, D. is given
and externally controlled (independently generated) [Ref. 19:pp. 117-118]. Con-
sequently, the decay ratio, Dj, is a function of K and D as found in Equation
3.16.

In a closed-loop consideration, the dc output voltage is kept
constant regardless of the input voltage by maintaining control over the duty cycle
(PWM) or T,,, (FM). The type of regulator used for PWM control adjusts the
value of D, and hence D, is strictly dependent upon D and K. It thercfore becomes
accommodating to develop an expression for D and D, in terms of M and K.

Equations 3.16 and 3.18 can be rearranged to create

(3.19)
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Figure 3.8: Inductor Current Conduction Mode Boundary Relationship:
(a) Discontinuous Conduction Mode, (b) Continuous Conduction Mode
[After Ref. 16]

and

Dy(M, k) = JK(1 = M) . (3.20)

[Ref. 18:pp. 148-149, Ref. 19:p. 116]
(3) Boundary Condition Determination
It is now important to investigate the condition which deter-
mines whether a dc-dc converter is operating in the continuous or discontinuous
mode. The boundary that splits the two modes apart is solely dependent upon the
size of the inductor current decay interval. Using Figure 3.8 as a sample waveform.

this principle is illustrated as follows.
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When interval D,T is less than interval, T — 7, or equivalently,

T(1 — D), the converter operates in the discontinuous conduction mode. Thus,
D; <1 — D [Discontinuous conduction mode]. (3.21)

If, though, D,, the decay ratio, is made greater than the switch-off ratio, then the
switch-mode converter will function in the continuous conduction mode yielding to
the condition:

D; > 1 — D [Continuous conduction mode]. (3.22)

It is important to notice, again, how inductor current in each case varies within the
interval, T. The guideline established for the boundary between two conduction

modes in the case of the Buck converter therefore becomes:
D, =1-D [Ref. 19:p. 117]. (3.23)

The critical value of N, N iticar. as defined in Equation 3.17,
which defines the boundary between two conduction modes can be determined by

placing D; from Equation 3.16 into Equation 3.23 to form:
Kyy=1-D . (3.24)

As a result, the criteria for defining the correct operating mode for any dc-dc con-

verter becomes

., A . o . N
K = Ky Limiting case between conduction modes | (3.23)
K < K,y Discontinuous conduction modc , and (3.26)
K > K. Conlinuous conduction mode . (3.27)

[Ref. 18:p. 149, Ref. 19:p. 117, 125]
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By plotting Equation 3.24 in Figure 3.9, the range of operation
for a Buck dc-dc converter can clearly be determined. If K is greater than K. (D),
as specified by the operating parameters L, R, and f,, then the switch-mode con-
verter will always function in the continuous conduction mode, independent of duty
cycle D. However, when K is less than Ky,,., the switch-mode converter operates
in the discontinuous conduction mode. K., is the maximum value of D possible
for the function given in Equation 3.24.

Equation 3.24 defines K.;;(D) for the open loop consideration.
For the closed loop case, when it is more suitable to describe the boundary condi-
tion in terms of the dc gain, M, the parameter D can be proven equal to M by
substitution of Equation 3.23 into Equation 3.10 for D; and reducing the result.
The criterion for K, is thus established by replacing D with M in Equation 3.24
to form:

Koa(My=1-M . (3.2

[0 8]

)

Graphing D vs. M(D.K) (Equation 3.18) in both conduction
modes provides interesting insight into the dc voltage gain characteristics of the Buck
dc-dc converter. It is evident from Figure 3.10 that transition from one conduction
mode into another for the Buck dc-dc converter occurs at higher values of D when
R << 1. In the continuous conduction mode. M behaves in a highly linear fashion
in contrast to its opposing mode of operation. A Buck dc-dc converter functioning in
its discontinuous conduction mode increases in its degree of non-linearity in inverse
proportion to A'.

Transition from a continuous to a discontinuous mode of oper-
ation for a Buck dc-dc converter with a maximum k', value of less than one can
be achieved by varying the duty cycle, D, as just shown in Figure 3.9 and Figure

3.10. The range of the duty cycle. D, or its corresponding gain, M(M = Yau) s

35




important when designing a closed loop system in which the output voltage V,y is
held constant over a widely varying range of input voltages, V.

From an operational viewpoint, the design engineer usually is
most interested in how a change of load, R;, will affect the converter operating
mode. As load resistance, Ry, is increased to a high R value and the average
inductor current i1s reduced below some critical value R..i;, a converter will enter
into its discontinuous mode of operation. Figure 3.11 indicates the effect load has
on the inductor current waveform as load resistance, Ry, is increased. Diode, D,
in Figure 3.5, acting as an unidirectional current element, prevents waveform C
from occurring. Inductor current is unable to reverse its direction of flow during
switch off-time. Further decrease in load current beyond the limit set by R... causes

inductor current to remain at zero. By defining R,,, as

2L

A
wom = 2L fs = — 3.2
R fo== (3.29)
K can be described in terms of R to obtain:
2L Rnom
N=—Fg=——. 3.3
‘TR R (330)

Now, another criterion for determining the boundary scparating two conduction

modes of operation can be established using

R = R.,, (3.31)
to produce
R; > Rt [Discontinuous conduction modc) (3.32)
and
R; < R.y [Continuous conduction mode]. (3.33)

[Ref. 14:p. 288. Ref. 15:p. 149, Ref. 19:p. 118, 125]
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The preceding two equations can be best expressed as being
the dual relationships to Equations 3.26 and 3.27 respectively. By replacing & in
Equation 3.30 with A, from Equation 3.21 and solving for R. an expression for
R..;; can be found for the open loop consideration as being:

Rnom

(3.34)
1-D (3.3

H:rit( D. Rnom) =

Similarly, an equation for R.,; in the closed loop condition can be developed using

Equations 3.28 and 3.30 to yield

cht( \I Rnom)

i

(3.33)

Table 3.1 and Figure 3.12 are included to summarize the condi-
tions and vividly illustrate how the parameters load of resistance. R;. inductance.

L, switching frequency, f,. and duty cycle, D, affect the boundary condition of a
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Figure 3.10: DC Voltage Gain Characteristic for the Buck DC-DC Power
Converter [After Ref. 16]

Buck dc-dc converter. A qualitative increase in load resistance R;. and for a de-
crease of L, f,, and/or D will cause a switch-mode converter to transition into its
discontinuous conduction mode of operation.
2. Resonant Converters

Resonant converters have been used in a wide variety of applications
requiring high power density. The development of this circuit has evolved due to
the inability of the square-wave converter to handle switching losses. The resonant
converter when compared to a traditional Buck PWM converter offers the following

advantages:




Figure 3.11: Inductor Current Conduction Mode Boundary Relationship
as a Function of Load Resistance [After Ref. 14]

TABLE 3.1: Boundary Conditions Between Two Conduction Modes

l
CONTINUOUS CONDUCTION MODE DISCONTINUOUS i
R < Rcrit R > Rcrit 1
| |
W |
]\, > ]\'crit 1\' < ‘;?[% 1\’ < I(crit
D,>1-D D,<1-D
AI = D A[ = —D_ED—;'
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frequency, d) Duty Cycle [After Ref. 14]
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Higher efficiency due to reduced switching losses,

Smaller weight and volume in magnetic elements, filter components, and heat

sink,

Reduced EMI from zero current switching, and

Increased reliability from reduced switching stresses.

The resonant technique processes power in a sinusoidal fashion. Resonant
converters use L-C tank circuits, which can be repetitively excited by a power source
through the gating of semiconductor switches. Energy is exchanged back and forth
with a time constant that is a function of the L-C product. This action is attained
at times of zero current by opening and closing switching elements in series with the
resonant current. Turn-off under zero-current conditions reduces switching stresses
and switching losses. [Ref. 9:pp. 4-6, Ref. 20:p. 365, Ref. 21:p. 221]

The two most popular resonant converters in use today are the Series
Resonant Converter (SRC) and the Parallel Resonant Converter (PRC). shown in
Figure 3.13 [Ref. 22:p. 545, Ref. 23:p. 232]. A PRC obtains its power by tapping
the tank’s capacitor, while a SRC must tap its inductor current to acquire energy.
[Ref. 12:p. 222]

Figure 3.14 shows a simple resonant converter using switches to produce
a square-wave voltage across a series LRC network. The current that flows is ap-
proximately sinusoidal and in phase with the square-wave voltage at resonance. As
the frequency at which the circuit operates is moved further away from the point

of resonance, the tank impedance rises, reducing load current and power. Excessive

41




deviation from resonance produces a phase difference between load current, [, and
square-wave voltage, Vsu. [Ref. 5:p. 367]

Resonant technology, although frequently used in high power SCR motor
drives and uninterrupted power supplies, has not gained wide acceptance in low
voltage dc-dc converter applications. Due to circuit complexity and phase differences
occurring in resonant converters under certain conditions, quasi-resonant converters
have become the popular alternative. They too share the main advantage of resonant
converters, that is, the semiconductor switch can be naturally commutated using
sinusoidal current waveforms produced by an L-C tank circuit. [Ref. 5:pp. 366-377.
Ref. 21:p. 7, Ref. 11:p. 377]

3. Quasi-Resonant Buck DC-DC Converter

a. Circuit Element Topology

Figure 3.15 illustrates a quasi-resonant Buck dc-dc converter in its
half-wave mode configuration. This tvpe of circuit represents a whole new gencra-
tion of converters. The quasi-resonant converter is a descendant of both the PW)\]
converter and resonant converter. Consequently. this new converter topology ben-
efits from having a resonant tank circuit that produces a pseudo-sinusoidal current
or voltage waveform in the resonant switch and a continuous resonant inductor cur-
rent or resonant capacitor voltage waveform that is not broken up by intermittent
operation of the transistor power switch. [Ref. 21:pp. 7-8]

Like a true series resonant converter. a quasi-resonant converter is
preferred to PWNM regulation in applications concerning high power and high switch-
ing frequencies. Use of either a zero-current switching or zero-voltage switching
technique permits operation primarily at a higher switching frequency while reduc-
ing switching loss, lowering device stress. and cutting size of reactive energy-storage

elements [Ref. 25:p. 472]. This important discovery comes at a time when use of
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(b)

Figure 3.13: (a) Full Bridge Series Resonant Converter, (b) Half Bridge
Parallel Resonant Converter [From Ref. 22, 23]
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(b)

Figure 3.14: a) A Voltage Source, Series Resonant Converter, b) Switch
Waveforms Showing Zero Current Transitions [From Ref. 5]
new power MOSFETSs at switching speeds of tens of megahertz (MHz) is imminent.
However, capacitive turn-on loss has restricted operation of this type of converter
to a switching frequency of 1-2 MHz; conduction loss is generally greater since the
sinusoldal current gives rise to increased rms current [Ref. 11:p. 377, Ref. 25:p. 53].

A quasi-resonant converter is formed by inserting a resonant switch
into the proper location of a conventional PWM controlled Buck dec-dc converter. A
resonant switch is comprised of the following components: a resonant inductor, L,.
a resonant capacitor, C,., and a semiconductor switching device [Ref. 21:p. 278, Ref.
24:p. 472, Ref. 26:p. 107, Ref. 2T:p. 395]. As viewed in Figure 3.16. the resonant
inductance, L., is always placed in series with the switch to moderate the change
in current with respect to time, and a resonant capacitor is added as an additional
energy storage and transfer element [Ref. 21:pp. 11-12, Ref. 24:p. 472].

The series resonant, L-type, switch topology is emploved in Figure

3.15. It is used when current-waveform shaping is desired. Note, also. the placement
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of resonant capacitor, C,; it is connected in parallel to the series combination of the
switch and resonant inductance, L,. The L-C tank circuit is necessary to cause
current resonance in the circuit as energy is periodically interchanged between the
resonant inductor and capacitor. This is done to ensure that che transistor can be
naturally commutated on and off at zero-current, instead of being forced off by an
applied gate signal. [Ref. 21:p. 12, Ref. 28:p. 381-382]

Positioning of diode D; (in Figure 3.15) is important when deter-
mining actual flow of switch current and switch mode type of operation. As shown,
diode D; will only allow the switch current to resonate in its positive half cycle and
operate in a half-wave mode. However, a full-wave configuration is easily obtained
by placing diode D, anti-parallel to the switching device, giving the switch current
a bidirectional flow. Figure 3.16 illustrates the resonant switch characteristics of
both half-wave and full-wave configurations for each L and M type of switch. [Ref.
11:p. 378, Ref. 21:p. 12, Ref. 26:p. 107]

Application of the resonant switch is not limited to just the Buck
converter, but has found use in all variations of the basic Boost. Buck-Boost. Cuk.
and their derivatives as well. Figure 3.17 gives a graphical comparison of these
quasi-resonant topologies vs. their standard PWM converter counterparts. [Ref.
21:p.23, Ref. 24:p. 476]

b. Circuit Analysis of the Quasi-Resonant Buck DC-DC Con-
verter

In order to develop useful expressions for voltage and current rela-
tionships which accurately describe the behavior of the ZCS. quasi-resonant dc-dc

converter, the following assumptions are essential:
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Figure 3.15: Quasi-Resonant Buck DC-DC Converter
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Figure 3.16: Current-mode Resonant Switch Topology: (a) Half-wave
Mode, (b) Full-wave Mode [From Ref. 21]
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Figure 3.17: Zero-Current Switched Quasi-resonant Converters: a) Buck,

b) Boost, ¢) Buck-Boost, d) CUK [After Ref. 21, 24]




All semiconductor devices used are ideal, implying zero saturation voltage from
negligible on resistance, zero leakage current in the off-state because of infinite
off resistance, zero switching loss due to zero current rise and fall times, and

Zero capacitance.
Switch diode, D,, and free wheeling diode, D3, are ideal.

All reactive elements are lossless, linear, passive, and time invariant in behavior

without any parasitic elements.

Ly is chosen to be much larger than L, to ensure Lo—C resonates at a frequency

greater than L, — C, [Ref. 29:p. 345].

The output filter, Lo — C, and load resistance, Ry, are modeled as a con-
stant current sink given that inductance and capacitance of the filter are large
enough to produce a constant current and voltage output. [Ref. 11:p. 380,

Ref. 21:p. 15, Ref. 26:p. 344, Ref. 30:p. 287]

(1) Mode I: Resonant-Freewheeling State

A ZCS, quasi-resonant Buck dc-dc converter having two pri-

mary switches, su and Dj, can be characterized by its four distinct modes of op-

eration as shown in Figure 3.18. The analysis begins prior to time ¢ = 0 with the

switch, sw, being open and the capacitor voltage, V¢,, set at zero volts. Current

provided by current sink, I, flows through forward-biased diode, Ds. in a closed

loop fashion during this first mode.

(2) Mode II: Inductor-Charging State

At time t = 0, the switch is closed and Mode Il begins. Current

flow through forward-biased half-wave diode, D,, charges inductor. L,. at a rate of

di, V-V, V
dtt L, L,

(3.36)
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where

e V = input voltage, and
e I; = resonant inductor current.

Current generated by the inductor is not allowed to charge the resonant capacitor,
as a result of changing the bias on diode D,, until the instantaneous resonant induc-
tor current, Ir (t), exceeds the output current, Ir. The voltage V¢, thus remains
clamped at zero volts until time, T;, as pictured in Figure 3.19. The duration of
Mode I is, from Equation 3.36

I
Tlo — LLr

(3.37)

(3) Mode III: Resonant-Charging State
Mode Il marks the beginning of the resonant charging state in
the quasi-resonant converter as diode D3 is commutated off. During this interval
[T\, Ts), the current waveforms of the resonant capacitor and the resonant inductor
are quasi-sinus..ds. The period of time to resonantly charge the resonant capacitor

voltage, V¢,, from 0 to 2V with a current of
Ic (1) =1 (1) - I (3.38)
requires
Ty = my/L,C, (3.39)

which is equal to one-half of the resonant circuit period.
Both the resonant inductor, L,, and the resonant capacitor.
C,, are constrained in size by the relationship governing resonant frequency. This

condition expressed as a function of L, and C, is defined as:

frm ——— (3.40,




In a current-mode resonant switch, the periodic interchange of
energy between resonant components L, and C, takes place mainly during switch
on-time. Resonant inductor current is dependent upon the energy shared between
the resonant elements L, and C,. Therefore, peak current passing through a power
semiconductor device used in a ZCS, quasi-resonant converter is always greater
than its corresponding PWM converter counter-part [Ref. 21:p. 66, Ref. 28:p. 384].

Resonant inductor current, I _, reaches its maximum value,

J (3.41)

]L Tmaz = F
c

at time 77 + At, when capacitor resonant voltage, V., equals input voltage, V.
Equations describing the behavior of current flowing through
inductor, I, and voltage present in resonant capacitor, V¢, , are found by applying

Kirchoff’s Laws. First, the voltage drop across inductor, L., from T3 to T3 is

dls,

V—Ve ()= L (=

) . (3.42)

The current through the capacitor, C,, which is proportional to the instantaneous

time rate of change of voltage, can be determined using Equation 3.38 and rewritten

as
dV,

L W-11=C, | —] . 3.4

L -1 C(dt) (3.43)
Realizing that I = ‘%. Equation 3.42 can be written in operator form as
1 1%

2 = c— .

(D +CrLr)Q—Lr (3.41)

where

_ 4
° D—-dt.and

e () = instantaneous charge present in the resonant capacitor.
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Equation 3.44 is solved as a second-order linear differential equation in terms of Q.

Knowing that V¢, (0) = 0, the result,

Ve, (t) = —CQ,— = V(1 — cos wt) (3.45)

is obtained for the voltage present in the resonant capacitor from T} to T3. This
then allows an expression for the current through the resonant inductor, I, to be
formed as a function of its alternating current (ac) and dc components. This is
accomplished by replacing V¢, in Equation 3.43 with Equation 3.45 and solving to
yield

I.(t) = %(Vsin wt)+ 1 . (3.46)

Close examination of this current waveform in Figure 3.19 re-
quires that the ac component of resonant inductor current always be greater than
its corresponding dc component. If, for a given input voltage, V, the load current.
I. is ever greater than the magnitude of its corresponding ac component of reso-
nant inductor current, then the zero-current property will be forfeited. The current.
I, (1). because of its size, will be unable to decrease to zero due to the proportion
of Ir. [Ref. 11:p. 383]

During this third mode of operation, a second point in time
exists when /¢, (t) in Equation 3.38 once again equals zero. This occurs at time T,
in Figure 3.19 when V¢ is equivalent to 2V", The time for the resonant current to
completely ring down from I1(7%) to zero at switch turn-off I1 (T3) is directly related

to
Ty,
I, = I, sin [2r—73,—] = I, sin [%} . (3.47)

The duration of this particular segment lasts approximately

e @ ()] O8] o
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where

— 1
] w—m,and

¢ Z = /L (Resonant characteristic impedance).
Cr p

(4) Mode IV Resonant Capacitor-Discharge State

Time T3 is used to mark the beginning of Mode IV as indicated
in Figure 3.18(e) and 3.19. Switch sw is naturally commutated off as instantaneous
resonant inductor current, Iy (t), falls to zero. Prompted by a reverse voltage of
Ve, —V, diode D, is used to prevent any reverse current flow through the resonant
switch.

During time interval Ty3, the resonant capacitor’s voltage dis-
charge to the load is linear as voltage Vi, drops. The rate at which this energy

exchange takes place is proportional to the load current, i.e.,

14 IL
2 = 3.4
Te = C, (349)

where V; is the voltage at time Ts.

To determine the time it takes the circuit to complete this ac-
tion requires an expression for V3. Knowing that the voltage is in a state of decay
dictates use of a negative cosine function to properly describe its waveform. There-

fore,

3=V 4+ Vcos [wT3,) (3.50)

or after further computation V3 expressed in terms of V', I, and Z becomes:

Va= V4 V2o(1.2)? . (3.51)

Finding the time interval over which this process quickly occurs

now becomes a simple matter of substituting Equation 3.51 for 13 of Equation 3.49.
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Thus,

Ty = %K\/[l + (1 - (IL—‘Z;))} . (3.52)

Equation 3.52 describes the ability of the resonant capacitor,
C.,, to discharge energy in a given period of time. In a ZCS, quasi-resonant converter,
resonant cycles of fixed on-time, Ty to T3, or Ty, are separated by non-resonant
stages of variable off-time, T3 to T, or Ts3. Control of the circuit’s resonant ca-
pacitor, C,, as shown in Figure 3.19, is very important in regulation of switching
frequency and transfer of power.

(5) Mode I - Revisited

The next mode is a repetition of the first. From time Ty to T,
or T4, current originating from the current sink, I1, flows through the freewheeling
diode, D3. As pictured in Figure 3.19, until the next voltage (Vgs) is applied and
inductor charging begins, inductor current will remain at zero.

The total period of the quasi-resonant Buck dc-dc converter
switching cycle is denoted by T, and is defined as the sum of all combined time
intervals, or

T=To+Tn+Tsa+ T3+ Tsy . (3.53)

Overall, Equations 3.45 and 3.46 determine the maximum cur-
rent and voltage ratings required from a zero-current quasi-resonant Buck switching

element. Maximum permissible peak resonant current through the switch is

C,
V[ + 1 . (3.54)

1. =
SWmax Lr

The maximum forward voltage possible that can be delivered to the switch is V', The
above mentioned fixed resonant parameters C, and L, are again important. since

their magnitude controls switching frequency and peak resonant of the waveform

directly.
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Figure 3.19: Half-wave Mode Waveforms of a ZCS, Quasi-Resonant Buck
DC-DC Converter [After Ref. 21]
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c. DC Voltage Conversion Ratio
Once again, M, a dimensionless parameter, is used to describe the

dc conversion ratio or dc gain of the quasi-resonant dc-dc converter as being:

7,
M:%. (3.55)

The input energy stored in resonant inductor, L,, during the switch
turn on time, T3 = T3 — T3, must equal the energy released per cycle to the load.

Therefore, equating the input energy, E,, to the output energy, E.. produces

T] T; T3
VA mum+vﬁf¢am+vﬁ_hﬁwt=1wu’ (3.56)
Energy stored [volt — sec] = Energy released [volt — sec].

To greatly simplify matters, manipulation of Equation 3.56 can be
made less strenuous if the quasi-resonant current waveform is considered to be a

near perfect sinusoid. Equation 4.19 then can be written as

VI =V, I (3.

(1}
-1
~—

Navg

where I,

Mavg

is the average resonant input current viewed by the switch.
This now permits use of the approximation described in Equation A-1.2 to determine
the average resonant input current as seen by the switch. Thus, the dc conversion

ratio expressed as a function of average input and output current becomes

1171 2 T';(Jlsw Lr -
M= |fmeel o 2 [Tsodsums b 3.58
! l: ]L } I [ Tm } (3 )\)

It can also be shown. after several calculations. that the output

voltage in Equation 3.56 is equal to

Vorgl - y -
Vour = T [(5) To+ Ty + 143] . (3.59)

[Ref. 29:p.348)




Research by several authors has exposed the sensitivity of the dc
voltage conversion ratio for the quasi-resonant Buck converter to load variation. As
shown in Figure 3.20, the voltage conversion ratio for the half-wave mode is very
sensitive to different loading conditions in comparison to the full-wave mode. Under
a heavy current loading condition, the majority of the energy generated by the
resonant L-C rank circuit is delivered and consumed by the load. However, under
a light load condition, when R is large, resonant inductor current, I (t), becomes
less. This fact is understandable, since Vi = I Ry and time interval ATy, must
decrease for a constant output voltage. Consequently, I (¢) in Equation 3.46 will
have a smaller constant dc value, I, and, in comparison to a heavy load condition,
will oscillate less in the first half of the resonant cycle and have a lower overall
negative value in its second half cycle. Hence, a quasi-resonant switch in the quasi-
resonant Buck converter, operating in a full-wave condition, can compensate for a
varying load by passing more or less reverse current through the anti-parallel diode.
But a Buck resonant converter built to function in the half-wave mode must resort
to a frequency alteration to regulate its output voltage. Therefore. under very heavy
load conditions, dc voltage gain for a quasi-resonant Buck converter operating in

either mode, can be shown to equal,

Vout _ [.?_

M = =
M v I

(3.60)

where is the circuit resonant frequency.
If duty cycle. (%) is substituted for frequency, this result is identical
to that of a PWM Buck converter. Notice, also, that the dc voltage conversion ratio,

as defined by Equation 3.60. is completely independent of load resistance. [Ref.

11:pp. 383-383, Ref. 21:pp. 26-27. Ref. 26:pp. 110-111, Ref. 29:pp. 348-349]
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Figure 3.20: DC Voltage Conversion Ratio for the ZCS, Quasi-Resonant
Buck Converter [After Ref. 26]
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IV. SWITCHING ELEMENT SELECTION

The arrival of fast power switching solid state devices of the bipolar, MOS-
FET, and thyristor variety has brought about a revelation of change in the tech-
niques used in development of new smaller dc-dc power converters. Each type of
semiconductor device has its own individual strengths and weaknesses. The research
in this thesis supports the use of a power MOSFET over a minority carrier device,
due to its superior performance. This section is used to identify and discuss kev
power MOSFET electrical characteristics highlighted in Table 4.1. A comparison
is made between a BJT and the enhancement mode (N-channel) power MOSFET.
Subsequent paragraphs are used to discuss certain device power losses and salient

operating characteristics which factor into current waveform waveshaping.

A. MOSFETS MATURE

The transistor, when used as a switch and forced to operate under harsh con-
ditions, is probably the most highly stressed component in a dc-dc power converter
circuit. A poor switch design will place severe limitations on system efliciency and
reliability. Hence, higher frequencies have mandated the use of transistors as switch-
ing elements in converter designs today.

In the beginning. BJTs were preferred over MOSFETSs as switching elements.
MOSFETs found no application in the switch-mode power converter industry due
to rating limitations and relatively high conduction losses. As shown in Figure 4.1,
development of power MOSFET technology started to increase dramatically in the
latter part of the 1970°s when the fabrication process used in their manufacture was

modified. Improvements in device on-resistance per unit area. particularly in the
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TABLE 4.1: Power MOSFET Electrical Characteristics

DEVICE

BIT [NPN]

PARAMETER

MOSFET [N CHANNEL]

»» @ v v >

—

- > =

—

N

Middie (20 ~ 80 kHz)
Middle

Middie (500 V)
Middle (10! ~ 10?)
Middle (150 °C)

Low (10° ~ 10°Q)
Low

High

Good

Limited at Higher Frequencies
Minority

Current

Elaborate

Yes

Negative

Switching Frequency

Cost

Voltage

Current Gain

Maximum Operating Temp
Input Impedance

On Resistance

Off Resistance

Ruggedness

SAO
Semi-conductor type
Device Control Type
Control Circuitry
Second Breakdown

Temperature Coefficient

Very High (100 kHz ~ 2 MHz)
High

High (1200 V)

High (10° ~ 10%)

High (200 °C)

Very High (10° ~ 10''Q2)

High (60 ~ 250 milli 2 for 100 V)
High (10°Q)

Excellent

Exceptionally Stable
Majority

Voltage

Simple

No

Positive
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MAXIMUM MAXIMUM

RATING YECHNOLOGY TJECHNOLOGY _RATING
F 1985 -
REGENERATIVE 3 SILICON GATE
1000V/100A CONDUCTIVITY CMOS/DMOS  100V'20A
MOBULATED DEVICES SILICON GATE  400V'3A
CMOS/DMOS
HIGH VOLTAGE/HIGH
1000/50A CURRENT -
TECHNOLOGIES
SILICON GATE
CMOS/DMOS  200V/3A
SILICON GATE VERTICAL 4 1980 +
S00V/20A  ~'5MQS TRANSISTORS
METAL GATE
«00v/10a METAL GATE VERTICAL CMos/omMos  130V/24
DMOS TRANSISTORS METAL GATE
PMOS/DMOS  100Y/24A
SILIICON GATE
100v/5A V-GROOVE
TRANSISTORS
METAL GATE V-GROOVE 4~ 1975 -
S0V/1A TRANSISTORS
METAL GATE LATERAL
V014 "nuOS TRANSISTORS
DISCRETE DEVICES - 1970 - INTEGRATED CIRCUITS

Figure 4.1: Milestones in the Growth of Power MOS Technology [From
Ref. 31]

low voltage region coupled with their high breakdown voltage, low current leakage.
ruggedness, and ease of use have made MOSFETs an attractive alternative in the
power electronics industry. [Ref. 31:p. 448, Ref. 32:pp. 311, 41§]

Double-diffused or DMOS technology, as shown in Figure 4.2, has replaced con-
ventional surface-groove technology. called VMOS. This MOS structure eliminates
many of the voltage and on-resistance limitations of conventional MOS transistors
by maintaining a tight tolerance over channel-length reproducibility to within 1 to 2
mm and by heavily doping the body region (p-doped area) in comparison to the N
drain (epitaxy) region during each diffusion cycle. [Ref. 9:p. 2.20. Ref. 33:p. 216.

Ref. 34:p. 23]
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Figure 4.2: The Structure and Dopant Profile of a Lateral DMOS Field
Effect Transistor [From Ref. 33]

The development of the power MOSFET has evolved due to the need of a
switching device that can operate well above the 20 kHz frequency plane [Ref. 35.
p. 90]. The appeal of the MOSFET comes mainly from its switching behavior. Un-
like a BJT, a MOSFET is a majority-carrier device capable of ultra high switching
speeds, as indicated in Figure 4.3. The speed at which either device switches is
proportional to time delays within its structure and the presence of different capac-
itances which must be alternately charged and discharged. The MOSFET's high
operating frequency allows for unexpected power density, and reduced output noise

and ripple. [Ref. 33:p. 217, Ref. 37:p. 13, Ref. 38:p. 16, Rel. 39:p. 91]

B. DEVICE TURN-ON CHARACTERISTICS

In a BJT, movement of carriers is from the emitter to collector region through
the base. Electrons which are injected from the emitter to the base are labelled
minority carriers. For a BJT, turn-on requires only that the capacitances associated

with the junction be charged. However, when switched off. poor turn-off behavior
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Figure 4.3: Turn-off Time as a Function of Rated Blocking Voltage for
MOSFETs, Bipolar Power Transistors and Fast Switching SCRs [From
Ref. 36]
is observed for this minority carrier device. Upon application of reverse base drive
current, the stored charge in the semiconductor material required to sustain current
flow results in a storage time that reduces its turn-off speed. [Ref. 33:p. 217]

The MOSFET, on the other hand. is a voltage-controlled device. A MOSFET
is turned on by applying a voltage within specified limits between the gate and
source to produce a current flow in the drain. Current flow from source to drain is

supported by majority carriers.

C. EFFECT OF INTERNAL CAPACITANCES

A MOSFET is capacitive in nature. Figure 4.4 provides a cross-sectional view
of a power MOSFET and its associated capacitances. During each switching cvcle
when the MOSFET is turned on. the MOSFETSs parasitic input capacitance, C,,.
must be charged and then discharged to make the channe'! conductive. This tiny

input capacitance used to model the metal-oxide gate structure itself is formed as
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Figure 4.4: Cross Sectional View of a VDMOS Power FET Showing the
Origin of the Interelectrode Capacitances [From Ref. 9]

a result of several manufacturing limitations and design trade-offs. It is defined as
being
Ciss = Cgs + Cap (4.1)

where
o (s = Gate-to-source capacitance, and

¢ Cop = Gate-to-drain capacitance. [Ref. 31:p. 92, Ref. 32:p. 312, Ref. 34:p.
21. Ref. 35:p. 91]

A MOSFET reacts as a resistive device and dissipates additional energy as the
gate drive is used to charge C,,; past a threshold voltage. To attain higher switching
speeds, the source impedance of the driving voltage source is kept low. Ultimately.
the speed at which this device switches is dependent upon the ability of the gate

driving source to supply and remove gate charge. Therefore, the total average ~ate
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drive dissipation, Pg, within a power MOSFET is equal to,

Pg = C,',,‘/gsfs [(—R—G'%m] (4.2)
or
_ Rg
Ps = QcVssf, [‘——(RG n RDR)] (4.3)
where

e C;,, = MOSFET input capacitance,

o Vs = Peak gate-to-source input voltage equal to (Vozn + Voz] j),
¢ f, = Switching frequency,

e (Qc = Peak gate charge,

¢ Rg = Internal gate resistance,

o Rpr = External drive resistance. [Ref. 9:p. 4-6, Ref. 38:p. 17, Ref. 39:p. 96.
Ref. 40:p. 407]

Although, input capacitance in reality is non-linear in nature; for simplicity. it is
approximated as a constant value. [Ref. 33:p. 217, Ref. 35:p. 91. Ref. 37:p. 13.
Ref. 41:p. 151]

In today’s MOSFETs, the above loss becomes significant only at very high
switching frequencies in the megahertz range. Not only does this capacitance in-
crease switching time, but, its energy is lost twice each cycle. Power dissipated in
the gate drive circuit can be diminished by use of a resonant technique to charge
Ciss. If the differential voltage (V,, — V,;s) is used to increase switching speed. it
is accomplished at the expense of a substantial power loss. [Ref. 5:p. 365-366, Ref.

11:pp. 386-387, Ref. 40:p. 408]
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Another loss that must be considered is the power loss related to the MOS-

FET’s output capacitance, C,,,. This parameter, which is defined as

Coss = Cps +Cpe (4.4)
where
e Cps = Drain-to-source capacitance, and
e Cpg = Drain-to-gate capacitance,

contributes greatly to switch loss in a Buck square-wave dc-dc converter, especially

when Vpg is greater than 100 volts [Ref. 4:p. 62, Ref. 9:p. 3-6]. This loss,
1 2 <
Psw—on = é‘facoss‘/[)s (40)

where Vps is the drain-to-source voltage prior to turn-on is not affected by how fast
the channel can turn on. This is because, at device turn-off, the MOSFET channel
becomes very high in impedance, forcing the commutating load current to charge
the output capacitance. Energy entering into the MOSFET during this time interval
is stored within C,,, until its voltage, Vpg, equals the voltage in 1". There is no
energy dissipation until the MOSFET is turned on again to complete the switching
transition. At this point, energy is lost as load current commutates to the {ree
wheeling diode, causing C,,, to discharge through the drain. [Ref. 4:pp. 62-63. Ref.
40:p. 404]

At switching frequencies above 1 MHz range. the energy contained within C,;,
must be conserved to preserve efficiency [Ref. 6:p. 58, Ref. 11:p. 378]. Two options
exist. First, a MOSFET can be constructed with a lower value of C,,,. But. usually
with this kind of change comes an increase in on-resistance, Rps,,,,- and conduction

loss. A more favorable result is obtainable if a zero-voltage switching technique is
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used to shape transistor voltage and achieve zero-voltage at turn-on. [Ref. 4:pp.

62-63, Ref. 21:pp. 3-4, Ref. 40:p. 404]

D. DEVICE TURN-OFF AND OFF-RESISTANCE

Turn-off circuitry for a power MOSFET conversely is very simple in comparison
to that of a BJT. Removal of the gate-to-source voltage instantly causes the channel
between source and drain to become high in impedance (10° ohms) [Ref. 34:p. 23].
Having a layer of SiO, between the gate and body electrically isolates all current
flow from the applied voltage source into the gate, except for minor leakage currents
(Ipss — microamperes). This characteristic allows power MOSFETS to be driven
directly by CMOS or TTL circuitry. On account of this, power loss, P, due to
drain-to-source leakage,

P, = IpssVos(l — D) (4.6)

is usually disregarded unless T} (junction temperature) is high or Vs is not signifi-
cantly less than the threshold voltage of the device during switch off-time [Ref. 9:p.
4.7]. [Ref. 35:pp. 91-92, Ref. 37:p. 13]

A power MOSFET, because it is not limited by minority charge storage eflects,
has a very short turn-ofl time as previously demonstrated in Figure 4.3. Switching
time is a direct function of gate capacitance and available drive current. Turn-off
capability of a minority carrier device, e.g., a BJT, can be improved by using added
external circuitry. but its performance is degraded by one or more of the following

inadequacies:

e Greater circuit complexity,
e More frequent voltage and current spikes,

e Increased switching loss, and/or
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e Greater limitations on circuit switching frequency and/or load range. [Ref.

21:pp. 2-3]

Hence, power MOSFETs are better suited devices for use in low power, high fre-

quency applications. [Ref. 9:p. 4.7, Ref. 33:p. 217, Ref. 39:p. 91]

E. STATIC OPERATING CHARACTERISTICS

A MOSFET, when utilized as a switch, cycles from time to time from its sat-
uration region to its cutoff region and vice versa. Comparison of typical output
characteristic curves for both the MOSFET and BJT devices shows the MOSFET
in Figure 4.5 having a constant resistance (ohmic region) and constant current (sat-
uration) region. When turned on and Vpg is small, .he MOSFET wiil uperate in the
linear region of the curve where drain current, Ip, is proportional to drain-to-source
voltage, Vps. Application of additional drain-to-source voltage causes the device to
move past pinch-off into a region of constant drain current. It is the actual increase
in drain current which compels carriers to move through the channel area. causing
a transverse voltage drop to occur. This in turn creates an increase in on-resistance
as the channel shortens. For values of Vps greater than ten volts, the MOSFET
behaves as a current source if Vg is held constant. Transition from one state to an-
other is strictly gate-to-source voltage dependent. The relationship of on-resistance
as a function of gate voltage and channel current is illustrated in Figure 4.6, [Ref.

9:p. 5.72]. [Ref. 9: pp. 2.2, 5.71, Ref. 34:p. 24, Ref. 38:p. 93-94]

F. ON-RESISTANCE

A MOSFET, as previously stated, when in its constant resistance region. func-
tions as a resistor. Figure 4.7 reveals each of the internal parasitic resistances found

in this device. In a power MOSFET, most loss suffered comes from on-resistance,
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Rps,,, through which all drain-to-source current, Ip, must flow. The on-resistance
of a power MOSFET is very important because it determines conduction voltage
drop, power handling capacity, and an efficiency of a device [Ref. 42:p. 212].

Conduction loss, as previously defined in Equation 2.3, is once again stated as
Poong = fsrfé(rms)RDS(m‘ (4.7)

Conduction losses are not a function of Rps,, and Ip alone, but are dependent upon
junction temperature, T, gate-to-source voltage and manufacturing variations [Ref.
9:p. 4.7].

Characteristic of all MOSFETs. each has a positive temperature coefficient as
shown by the BUZ-60 s ecification sheet located in Appendix C. As a rule. Rps, .
will double approximately for everv 110°C rise in junction temperature. Power
dissipation will increase as well, but switch time will remain a constant. A BJT,
on the other hand, is less stable thermally. [ts switching loss is increased with

temperature, usually doubling every 100°C. [Ref. 41:p. 152]
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In general, for the same die size and junction temperature, on-resistance will
grow for a given voltage rating, due to the device's internal resistance distribution
[Ref. 9:p. 4.8]. For example, a BUZ 347 rated at 50 V possesses a value of 0.03
) in comparison to a BUZ 311 rated at 1000 V, which typically has a value of
approximately 6 ). Also, channel resistance, R.j.nne;, which is determined by the
channel length, gate oxide thickness, carrier mobility, threshold voltage, and ac-
tual gate voltage applied to the device is more dominating in low voltage devices.
Epitaxial layer thickness and resistivity, Repi, are more important in high voltage
applications in conjunction with higher drain-to-source voltage rating requirements,
as illustrated in Figure 4.8. Epitaxial layer thickness selection is crucial in minimiz-
ing device on-resistance for a given breakdown specification and die size [Ref. 9:p.
2.51].

Conduction losses for a BJT, as defined by,

UV + i Vi) (4.8)

Pcon =
T

where
e 7 = Switching element on-time,
e T = Switching period,

e 7. = On-state collector current,

V.. = On-state collector-to-emitter voltage,
¢ 1, = Base-to-emitter current. and
e 1. = Basc-to-emitter voltage,

are usually considered minimal in a switch-mode power converter. The design en-

gineer has the option of selecting an optimum base current, ¢,, that will force the
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transistor into saturation, lessen power dissipation as a result of V., and prevent
losses due to high current in the drive circuitry. The ability to bias a BJT and limit
conduction loss results in a significant advantage in voltage drop for a given current
over a power MOSFET. However, a trade-off exists since switching performance is
degraded for each increase in base current, #;, due to a growth in storage time. This
handicap retards device efficiency in regard to switching frequency. [Ref. 33:p. 217,
Ref. 43:pp. 396-397, Ref. 44:p. 200]

At switching frequencies below 1 MHz, on-state conduction loss is much more
severe in a MOSFET than a BJT [Ref. 39:p. 92]. This truth is centered around
the fact that conduction voltage of a MOSFET is higher and increases with voltage
rating. It generally implies that a BJT is a more efficient device at low frequency in
low voltage applications. Switching losses impair MOSFET operation only at fre-
quencies above several hundred kHz. Switching losses in a BJT become more preva-
lent and surpass MOSFET conduction loss only at progressively higher frequencies.
When comparing total power loss per unit area or maximum current density in each
device as a function of frequency by adding switching losses to conduction losses,
the crossover point, as illustrated in Figure 4.9 occurs at approximately 10~60 kHz,

depending upon given conditions [Ref. 33:p. 217, Ref. 36:p. 1, Ref. 37:p. 14].

G. SAFE OPERATING AREA AND DRAIN-TO-SOURCE BREAK-
DOWN VOLTAGE
Another item worth noting in Table 4.1 is the SOA (Safe Operating Area) of
a BJT in comparison to a power MOSFET. An SOA graph is shown in Figure 4.10
defining the maximum values of current and vo!l‘age for each device at a given con-
tinuous rating. A power MOSFET will undergo avalanche breakdown if its applied

drain-to-source voltage exceeds its maximum voltage rating. Blpss: however, its
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secondary breakdown is small and incommensurable to that of a BJT. SOA’s of a
MOSFET are energy dependent and determined by thermal considerations only. A
MOSFET, being a majority carrier device, has a positive temperature coefficient of
forward resistance, which prevents localized hot-spots by forcing a uniform current
distribution to occur across the total area of the device. It is a mechanism which
inhibits thermal runaway. Virtual absence of secondary breakdown during forward
or reverse bias makes the MOSFET a much more rugged device, giving it a much
higher peak current carrying capability [Ref. 9:p. 2.44, Ref. 35:p. 95]. {Ref. 43:p.
125)

Second breakdown in a BJT refers to the fact that collector voltage is swiftly
collapsing at the onset of failure [Ref. 46:p. 430]. It is characterized by the voltage
dropping hundreds of volts in a few nanoseconds, accompanied by an increase in
collector current. BJTs are prone to thermal runaway. Once started. this process

becomes regenerative, higher current leads to higher temperatures, which in turn




causes higher current, etc. High peak currents are self destructive. They will pull
a BJT out of saturation and cause it to overheat. A BJT undergoing secondary
breakdown will not operate at full current and voltage, regardless of the power
handling capability of its package. To avoid this condition, its possible SOA of
voltage and current combinations are limited, especially at higher frequencies. The
SOA of a BJT is therefore very much inferior to that of a MOSFET. [Ref. 9:p. 5.83,
Ref. 12:pp. 15, 17, Ref. 33:p. 14, Ref. 45:pp. 131-132]

To make the sustaining voltage of a BJT equal to the breakdown voltage of
a power MOSFET, BJT collector region thickness and resistance can be increased.
But, this change in the device will cause the amount of voltage drop in the on-state

to increase and degrade its performance. [Ref. 33:p. 218]




V. SYNTHESIS OF AN OPTIMUM
SWITCH-MODE REGULATOR

A. CURRENT WAVEFORM DESIGN

Use of this theory, as discussed thus far, would be considered practical if, when
given a set of simple design specifications, one could quickly describe the resulting
circuit configuration and current waveform. After completing a few standard calcu-
lations, a judgement could then be made on the trade-offs a particular design would
offer over another, in an attempt to minimize conduction loss.

As an example, the process is outlined for the development of the ramp-sine
current waveform. The basic requirements and restrictions delineated in Table 5.1
are used to illustrate the characteristics of an input bus to which a dc-dc converter
could be attached in a satellite.

Twenty-eight volts is a typical input voltage common to most DoD-sponsored
unregulated-bus-voltage satellite power systems. A rated voltage of approximately
14 volts and 14 watts of power at the load output end is selected to emphasize the
importance of this approach under low voltage and relatively high current conditions.
Efficiency is dependent upon output voltage. High efficiency is difficult to obtain
when either input or output voltages are low, comparable to switching element and
voltage drops. Higher output voltages (i.e., 28 volts vs. five volts) result in much
higher overall efficiencies. Electrical currents are not as large, conductor size and
weight decrease accordingly, and distribution losses decrease in proportion with set
power level and distance. In addition, semiconductor losses are proportionally less

and the resultant heat produced is less difficult to dissipate. [Ref. 47:p. 181]




To maintain design simplicity and easily view its switch-current waveform,
only one switching element is allowed. Paralleling semiconductor devices can pose
a dynamic current sharing problem, due to a mismatch in switching speeds [Ref.
21:p.63). Typical state-of-the-art resonant-mode dc-dc converters in production to-
day, which quite commonly operate within the 100~ 300 kHz region, utilize single
power MOSFETs. The value of 100 kHz is chosen as a maximum operating frequency
to prevent dominance from transient switching losses. A minimum switching fre-
quency of 20 kHz is established to prevent the switching element from functioning
in the range of human detectable audio tones.

Besides knowing the circuit input and output voltage and power requirement,
which establishes a majority of the buck operating characteristics, a switch on-
time for the device must be selected. The on-time, in proportion to the switch-
ing frequency, governs the peak current value for each section of the combination
Buck/ZCS, Quasi-Resonant Buck converter.

In a Quasi-Resonant dc-dc power converter, the on-time of the device is deter-
mined strictly by the natural frequency of the resonant tank. To achieve an optimum
efficiency, a constant on-time must be sustained. Proper voltage regulation is main-
tained by altering the duty cycle to vary the switching frequency.

A fixed amount of switch on-time is important from a standpoint that it sim-
plifies overall circuit design. Knowing this value, in fact, helps determine the amount
of energy that can be consistently stored within the resonant and buck inductors.
The design engineer is then better able to realize the size of each component he or
she must supply to accommodate the most extreme load and line conditions existing
over a wide range of switching frequencies.

To discover the maximum value attained by each of the individual ideal current

waveforms in this type of design, the following assumptions must first be made:
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TABLE 5.1: DC-DC Converter Baseline Requirements

QUTPUT SPECIFICATIONS
Output voltage 14 VDC

Output power 14 W

INPUT SPECIFICATIONS

Input voltage 28 V (unregulated)

Input voltage range 22~30 V

GENERAL SPECIFICATIONS

Switching frequency 20~100 kHz

Single switching element MOSFET
Single output
Simple and minimal control circuitry

Frequency control of output voltage




——

o All phases of the resonant current waveform are considered to be sinusoidal;

linear or quasi-sinusoidal periods of time T}, and T3, are ignored.

¢ The maximum peak buck current is one and one-half times greater than the

peak resonant current.

o The half period of the quasi-resonant current waveform is equivalent to roughly

52% of switch on-time (z = 0.52).

o Only the lossless case is considered; the conditions previously stated in Chapter

IT1, Section 3B, are upheld.

To calculate both the peak buck and peak resonant current values, an approx-
imation citing the average current contribution by each waveform is needed. The

average resonant input current, as viewed by the switch, is represented by

2 T 1 T
]awavg = [;]fpeak (1'5;) + 5]5,’“* (T')] (51)

Solving this equation for a given average input current of P,,/V;, [amperes] over a

period of T [sec] requires a peak buck current of,

T

In,... = 13881, (-;) (5.2)
Px'n

— 1.388 (V)D (5.3)

and a peak resonant current of,

rpeak = 0.9221,y,,, (g) (5.4)
Pin
= 0922 (—v—) D (5.5)

The peak resonant current is a critical value which drives the selection of all

other resonant tank parameters. From Equations 3.38 and 3.48. an expression can
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be formed for either reactive energy storage element in terms of input voltage, peak

resonant current, and half resonant period, that being

L = | % (0.527‘) (5.6)
]"penk (s
and
Ir 052T
— peak
Cr= v ( ™ ) (5.7)

This, in turn, sets the resonant circuit characteristic frequency and determines the
average resonant current out, I, as illustrated by Equations 3.40 and 3.57, re-
spectively. Time intervals Tyo, 751, T32, T43, and T54, are then easily defined by
employing Equations 3.37, 3.39, 3.48, 3.52, and 3.53.

In trying to determine the correct inductor size value in the Buck circuit, a
quick decision can be made if Equation 3.13 is used. This relationship established

during the inductor charge interval is written as

2 —
LB=oumo(%)£K—lﬁQ (5.8)

Iswm,g
Similarly, the Buck circuit discharge interval, D,T, using Equation 3.14 can be

expressed as

%T=TK%)~4 (5.9)

The remaining computations involving the discontinuous time interval and other
critical parameters, which are an important concern in boundary condition deter-
mination, are prosaic with knowledge of load condition and period, T.

The power contributed to the load by each section is driven by the apportion-
ment of input current after it passes through the power switching element. Roughly
speaking, a 2:1 ratio is observed with the Buck circuit supplying approximately 70%
of the circuit’s raw power. Current through each individual element is elevated in

inverse proportion to M.
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B. CONVERTER ARCHITECTURE

As shown in Figure 5.1, a combination Buck/ZCS, Quasi-Resonant Buck dc-dc
converter designed to function in its half-wave mode of operation was breadboarded.
The voltage and current waveforms produced by this dc-dc power converter were
observed at roughly 20% of full load condition or 11.2 ohms of resistance. System
input voltage was held constant at 28 volts dc. By design, all boundary conditions
identified for an open loop configuration in Table 3.1 were rigorously met, without
exception.

1. Switching Element

A BUZ-60 N-channel enhancement mode power transistor was selected as

the switching element having a drain-to-source resistance value of one ohm. A 10 volt
peak-to-peak driving pulse, having a pulsewidth of 7.5 u-seconds with a periodicity
of 22 p-seconds, was chosen as the input to the gate drive circuit. A small resistor.
Rg. was inserted between pin 5 of the pulse transformer and the gate of the power
MOSFET. This action was necessary to dampen the parasitic ringing oscillations
which occurred intermittently during switch turn-on and turn-off intervals in time.

2. Gate Drive Circuit

A class B output stage. shown in Figure 5.2, was selected as the power

MOSFET driving element based primarily upon the switching speed of ecach indi-
vidual transistor, simplicity, the number of components required to implement the
device, and a strong need to isolate the switching element from severe parasitic
ringing incurred by use of the gate drive itself. The motivation behind this design
was quite simple, to offer a very practical I.C. controller capable of presenting a
very fast current sourcing and sinking action to the gate capacitances. Because a

large current pulse can be drawn out of the gate in either state in a short amount
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of time, saturation losses become tolerable and conduction losses in the on-state are
better controlled. The gate drive is isolated from the switching element by incorpo-
rating a pulse transformer. This transformer, having a one-to-one turns ratio, was
connected in phase providing the necessary isolation from line to the load. The out-
put impedance of the circuit was minimal, lowered through the use of a single NPN
and PNP complementary symmetry emitter-follower, resulting in a higher switching
speed.
3. Nonlinear Elements

To implement the half-wave mode ZCS, Quasi-Resonant converter, a .-
type current-mode switch was utilized. A fast recovery diode, D,, having a maxi-
mum reverse recovery time ten times greater than that of the MOSFET device, was
used to prevent the backflow of energy into the source and to minimize diode peak
recovery current.

In the Buck converter section, both freewheeling diodes, D3 and D, were
selected as Schottky barrier diodes, having an instantaneous voltage drop of less
than three-tenths of a volt for scven-tenths of an ampere of instantaneous forward
current. Realistically speaking, in either case, the corresponding average forward
power dissipation represented & maximum power loss of well iess than one-quarter

watt per diode.

C. MODEL ANALYSIS

This analysis is offered as a succinct summary to the Buck/ZCS, Quasi-
Resonant switching converter due to previous discussion borne in Chanter 111. The
resulting behavior of the switch-current waveform is in agreement with the suppo-
sition, with few exceptions. A complete switching cycle, T, in this combination

converter is apportioned into six different operating modes. As demonstrated in
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Figure 5.3, the individual waveforms contained in illustrations within this chapter
are similar in shape to standard resonant and PWM discontinuous mode converter
waveforms; however, their combined form, timing, and current values share a special
predetermined relationship.
1. MODE I - Inductor-Charging State

When the power MOSFET is turned on, both diodes, D, and D3, become
forward-biased as a positive current is applied. Energy in both Buck and quasi-
resonant inductors is allowed to build as the ideal diodes behave as a short circuit
in the forward direction with zero voltage drop. Once again, inductor current is
not permitted to resonantly charge the resonant capacitor, C,, until the resonant
current, I; _(t), surpasses the constant current Ip (t). supplied by the very large
inductor, L,. As a result of this phenomena, the instantaneous switch current,

I, (t), will equal the instantaneous load current, I (t), i.e.,
Isw(t) = IL(t) = ILg(t) + I, (5.10)
where
I, (1) = ———224 (5.11)

as long as the switch remains closed.
2. MODE II - Resonant/Buck Inductor-Charging State
This mode marks the beginning of the resonant charging cvcle in the
quasi-resonant converter half-circuit as diode, D,, is commutated off. As demon-
strated in Figure 5.4, no change occurs in the anticipated physical appearance of
the Buck converter individual waveform. The total instantaneous switch current be-

comes non-linear at this point. The total instantaneous switch current put through
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Figure 5.4: Buck Inductor Charging Current Waveform, T = 22x 107 [sec],
Rroap = 11.2 [Q1], Top waveform: Gate Drive Pulse (10 Volts/div), Bottom
waveform: I (t) (1 amp/div)

the switch is

V
]sw(t) = ILB(t) + \/Zg

As the opportunity presents itself, the resonant inductor first, and then

[sin wt] + I, .

—_—
ot
—
o

the resonant capacitor, both charge to their maximum value during this time inter-
val. As depicted in Figure 5.4, the peak resonant current reached is 1.4 amperes.
Likewise, the resonant capacitor attains a peak value of 51 volts, which is nearly
equivalent to 2V in measure. When I, (t) equals I (t) again, C, discharges its

reservoir of energy into the load.




Figure 5.5: Resonant Waveforms, T = 22 x 107 [sec], Rro4p = 11.2 [Q?], Top
Waveform: V¢, (20 Volts/div); Bottom Waveform: I, (1 amp/div)
3. MODE III - Resonant Capacitor-Discharging/Buck Inductor-
Charging State
This mode reveals. that as soon as diode D; terminates resonant inductor
current flow. both the resonant capacitive voltage waveform, as well as the switch
current waveform. become linear in nature. The switch current is equal to buck
current. This action, as it prevents negative current oscillations. permits an easy
calculation to be completed using the graph in Figure 5.5(b) to determine the average
resonant current out, Ir , using Equation 3.49. The average resonant current out.

over period T, results in being equivalent to 0.300 amperes.




4. MODE IV - Resonant-Freewheeling/Buck Inductor-Charging

State

After all resonant capacitive energy is expended, the total instantaneous
switch current remains a simple function of the buck inductor charging current
alonc. The portion of the instantaneous switch current developed throughout the
inductor-charging state of the Buck circuit is stipulated by Equation 3.13 for Modes
I, 11, and III alike. The resonant-freewheeling/Buck Inductor-Charging State lasts
until turn-off of the power MOSFET at time T5.

5. MODE V - Resonant Freewheeling/Buck Discharge-State

At time 7, as predetermined, the power MOSFET is switched off by the
gate drive. Diode D4 is commutated on as the buck inductor, Lg, reverses its
field polarity. The instantaneous current waveform, as viewed by the semiconductor
switch up to time T, is shown in Figure 5.6. The absolute maximum peak current
observed, which must be handled by the majority carrier switching device at turn-
off is 2.05 amps. The computed average current contribution, using Equation 3.11,
given by the buck inductor current waveform in Figure 5.7 to the load s 0.769
amperes.

Mode V is distinguished from other modes of operation by the placement
of an additional diode, Ds. prior to the buck inductor to guarantee proper converter
operation. Without its presence, any discharge of energy from L, or Lp into the
resonant tank would prematurely permit the charging of the resonant circuit and
disrupt the requisite converter state waveshaping function.

6. MODE VI - Resonant-Freewheeling/Buck Discontinuous State

Mode V1. the final mode. is identical to the ZCS. Quasi-Resonant Buck

converter freewheeling stage discussed in Chapter I1I. Section B, Subsection 3. This
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Figure 5.6: Drain-to-Source-Current Waveform, T = 22 x 107° [sec],
Rioip = 11.2 ], Top Waveform: Gate Drive Pulse (10 Volts/div), Bot-
tom Waveform: Ips (1 amp/div)
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mode is characterized by the magnitude of inductor, L,, and length of interval D3T.

The magnitude of D3T is a direct function of:

DT ~ f (R, T, -15, %) (5.13)
D. CONDUCTION LOSS MODEL - SUMMARY

Overall, after viewing Figures 5.4 and 5.5, the ratio of peak buck to peak
resonant current matches up quite well with proposed theoretical values, showing
a difference of less than 3%. Despite a loss in output power of 1.85 watts, this
non-ideal converter as illustrated in Figure 5.8 is still able to provide to the load
1.07 amperes of output current. Having achieved this necessary agreement in peak
current value for both quasi-resonant and buck current waveforms permits use of
Equation Al.l to estimate conduction loss.

The rms current squared during MOSFET switch on-time is closely approxi-
mated using Equation A1.2, time intervals Tjy and T3, occupy less than 10% of the
quasi-resonant current waveform half period. A value of 0.803 milli-watts is dissi-
pated in power as a result »f the BUZ-60 device having to transfer one-half ampere
of input current through one ohm of resistance.

At this point, a good comparison can be made between conduction loss and
all other dissipative losses occurring during this same time period. The motive here
is to understand the huge burden conduction los placess on circuit efficiency under
this loading condition. To assimilate the difference in magnitude of switching loss

requires the assistance of Equation 4.5.
1 - 72 -
Pau-on = ifscass"DS (014)

Using a maximum output capacitance of 180 pf, as noted on the product summary
sheet, and adding an additional 5 pf to compensate for stray capacitance yields a

loss of 3.39 milli-watts.
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Figure 5.7: Buck Inductor Charging/Discharging Current Waveform,
T = 22 x 107%[sec], Rroap = 11.2 [0}, Top waveform: Gate Drive Pulse

(10 Volts/div), Bottom waveform: Ip,(t) (1 amp/div)
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Figure 5.8: Current Waveform Through the Load Resistor,
T = 22 x 1075[sec], Rroap = 11.2 [Q], Top waveform: Gate Drive Pulse
(10 Volts/div), Bottom waveform: I(t) (1 amp/div)
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The other loss which can be accounted for is the power loss due to drain-to-
source leakage. This loss is also small, causing 74 milli-watts of power loss from four
milli-amperes of leakage current.

Therefore, as expressed before, under a high current, low voltage condition,

such as in a satellite:

Peona > Py + P (5.15)

Using this finding, it can be stated that if a ramp-sine waveform is subject to a
conduction loss of 0.808 watts, then a ramp waveform in its self will support an
even greater amount of dissipation of 0.958 watts. Furthermore, a ramp-sine-sine
current waveform under the tradeoff of additional circuitry would cause this loss to

decline even further in value to approximately 0.720 watts of power.
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VI. CONCLUSION

The high cost of placing a satellite into orbit has imposed severe constraints
upon the entire power system design philosophy. The desirablc effects produced
from reduced cost, less power loss, and size and weight limitations are now a con-
stant theme in any effort to produce effective power conversion equipment. An
efficient power switching technique, as proven in this research, is definitely the most
successful method in meeting the substantial demand for increased power system
density today.

To alleviate power dissipation losses in a dc-dc converter, the concept of cur-
rent waveform waveshaping was introduced and implemented for power processing
circuits. Using a quasi-Newton numerical technique, an analysis was performed to
identify the physical relationship existing between the peak currents of various com-
bined current waveforms. Theoretically, the ramp-sine-sine relationship produced
the current waveform with the lowest overall conduction power loss.

To enhance the understanding of fundamental principles underlying the cir-
cuit operation of different elementary current waveforms, a complete dc analysis
was presented on two non-dissipative power systems. Imperative to this study was
the ability to develop and comprehend the proper current and voltage relationships
which correctly define the condition of resonance and discontinuous conduction mode
of converter operation. Also, in a summary, a comparison between the MOSFET
and the BJT switching elements was made. The basic static and transient switch-
ing properties of each transistor were investigated to identify the strong and weak
points of each semi-conductor switch. In most cases, it was obvious that the ca-

pabilities offered by a majority-carrier device were far superior to advantages of a
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BJT. The detrimental power losses facing each device, especially MOSFET-plaguing
conduction loss, were carefully scrutinized.

The simplest and perhaps the most widely used variety of switch-mode reg-
ulator was then breadboarded to prove the feasibility of this study. A step-down
45 kHz, 14 volt, 14 watt, Buck/ZCS, Quasi-Resonant Buck dc-dc converter using
a BUZ-60 power MOSFET provided results which were consistent with the theory
proposed. It established a basis that this design concept is applicable to a variety of
conventional converters in two ways. First, it proved that the goal of producing any
of the displayved waveforms illustrated in Figures A.3 through A.6 is possible using
existing technology. Secondly, it demonstrated that the resonant switch concept can
be applied to a host of other basic switcher designs operating in their discontinuous
conduction mode as well.

Development of a MOSFET power converter for use at low voltage and high
current levels has been limited because other semiconductor devices functioning in
the frequency domain from 20 ~ 100 kHz operate more efficiently. Thus. unfortu-
nately. techniques in this area have not yet been given the opportunity to achieve
their full development. However, as proven in this research, prospects exist for the
maturation of a more highly efficient dc-dc converter by using certain circuit devices
and physical waveshaping techniques. The highlights and merits of using the design

process disclosed in this thesis are:

e An increase in power conversion frequency above the 20 kHz frequency plane

with a growth in power system density and a depreciation in conduction loss.

o Improved design flexibility without adding significantly to the current stress

wiiich occurs in the power switch.
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o Implementation of a half-wave mode, ZCS, series-resonant, L-type, switch
topology to preserve energy that which would otherwise be dissipated in con-
duction loss through the anti-parallel diode under different load conditions in

a full-wave mode type of quasi-resonant converter.
e Natural commutation of quasi-sinusoidal component current waveforms.

o Added energy conservation and space saving in a dc-dc converter because of

its small size, light weight, and improved performance efficiency.

The comparative dc analysis of the operation of the Buck/ZCS, Quasi-Resonant
Buck converter functioning in its discontinuous inductor current mode of operation
is now complete. The performance of an experimental circuit built in the lab has
verified the author’s intuitive prediction concerning the relationship between con-
duction voltage drop and the shape of the current waveform passing through the
switching element. It is thought that the simplicity behind this development and
the insight it provides should make waveshaping a helpful tool to limit conduction

power loss in future dc-dc converter analysis.

97




APPENDIX A: IMSL ROUTINE ZXMIN

A.1 PROGRAM SOFTWARE

The IMSL routine ZXMIN, contained within the enclosed FORTRAN pro-
gram, which Section A-ll, is used to predict the theoretical outcome of minimum
average power to a combination of proposed waveforms. Items required to initiate

this program are:

1. FUNCT, a user-supplied subroutine used to calculate the function F, which

in this case, is the power minimization of [gN—;D-] waveforms.
2. X, a vector of length N, containing parameter values.
3. N, the number of variables or parameter estimates contained within F.

4. NSIG, the convergence criterion governing the degree of accuracy required in

parameter estimates.

Given N initial parameter estimates supplied by the user of the FORTRAN
program and the information above (including all other less significant arguments
required by the calling sequence as well), the subroutine ZXMIN is called. ZXMIN
uses subroutine FUNCT to first calculate F.

The function F is dependent upon the vector X for N different parameter
estimates. The function F is found by first solving Equation 2.3 for each current
waveform combination, and then determining the absolute value of one minus the
average power dissipated, P, in the switch. Table A.1 gives the solutions to Equa-
tions 2.2 and 2.3 for each of the six waveforms analyzed. When P is computed for

any current waveform, two assumptions are made. For each case concerned: (1) the
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time, 72, given for the longest duration single element waveform is always assumed
to be equal to one; and (2) to lessen the number of independent values contained
within F, one of the parameter values z(1), z(2), ..., z(N) is always solved for
@ equal to one in terms of the other remaining parameter values. These initial
conditions simplify each expression and reduce the number of calculations involved.
The convergence criterion required for the final iteration of F is specified to four
significant digits.

Solutions for F' were not necessarily determined to be unique. Also, due to
the nature of the algorithm, as was in the case of the sine-sine-sine waveform, exact
convergence of F' was not achieved. Iterations were terminated due to rounding
errors, or final parameter values resulted in negative values of x(/N). Therefore, the
setting of initial conditions each time by the operator was influential in obtaining
final results.

Figures A.1 through A.6 illustrate graphically the optimum power minimum
for each current waveform combination examined. Given in each graph are the values
of switch-on time, 7, versus current as a function of time, 1(t), for each individual
current element waveform and their sum as well. It is important to note that, as the
average power dissipated in the switching cycle decreases, the peak current of the
combination is also reduced. The ramp-sine-sine waveform is proven to be the most

efficient process. Table A.2 summarizes the results obtained for the overall analysis.
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Table A.2: Waveform Results

% REDUCTION

WAVEFORM I, P Q RAMP
Ramp 2.000 1333 1.0 0.00
Sine 1.571 1.234 1.0 7.43
Sine-Sine 1.395 1.147 1.0 13.95
Ramp-Sine 1.388 1.086 1.0 18.60
Sine-Sine-Sine  1.372 1302 1.0 2.33
Ramp-Sine-Sine 1.171 1.001 1.0 24.90
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CURRENT OUTPUT SUM (AMPS)

000t 02 03 04 05 0.6 07 08 09 1.0 1.1 1.2 1.3 14 16 1.6 1.7 1.8 1.9 2.0

RAMP POWER MINIMUM

LEGEED
RAMP

00 0t 02 03 04 05 08 07 08
SWITCH~ON TIME (SEC)

IPEAK=2.0 PMIN=1.333 Q=1.0

Figure A.1: Ramp Current Waveform
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CURRENT OUTPUT SUM (AMPS)

1.8

1.2 13 t4 185 1.6 L7

1.1

1.0

02 03 04 05 06 07 08 0.9

0.0 0.1

SINE POWER MINIMUM

/

/

00 01 02 03 04 05 08 07 08
SWITCH-ON TIME (SEC)
IPEAK=1.571 PMIN=1.2337 Q=1.0

Figure A.2: Sine Current Waveform
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CURRENT OUTPUT SUM (AMPS)

07 08 09 10 11 1.2 1.3 14 16 1.6 1.7 1.8

04 05 0.8

0.0 0.5 02 0.3

SINE-SINE POWER MINIMUM

LEGEND | |
gSAup |
“-SSAMPIC " | |

/ N\

/ \\
:

\

\
\

00 01 02 03 04 OS5 08 07 08 09
SWITCH-ON TIME (SEC)

TAU=.184 11=.959 12=1.396

Figure A.3: Sine-Sine Current Waveform
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12 1.3 14 15 16 17 1.8

1.4

1.0

RAMP-SINE POWER MINIMUM

LEGEND |
....STAMPIA ...... -
STAMPIE
STaMpic " | |
%
P /
/ \ /]

CURRENT OUTPUT SUM (AMPS)

02 03 04 085 086 07 08 0.0

0.0 0.1

0.0

04 02 03 04 035 06 07 0.8
SWITCH-ON TIME (SEC)

TAU=.523 11=.921 12=1.388

Figure A.4: Ramp-Sine Current Waveform
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1.3 14 16 16 17 1.8

1.2

1.1

SINE-SINE-SINE POWER MINIMUM

LEGEND s

.SSSAMPIA
-.SSSAMP1B

[

..OSSAMPIC "
SSSAMP1ID

CURRENT OUTPUT SUM (AMPS)

02 03 04 08 06 07 08 00 1.0

0.0 0.1

00 01 o2 03 04 05 08 07 08 09 10
SWITCH-ON TIME (SEC)
TAU=.173 .375 1=.61 1.371 .25

Figure A.5: Sine-Sine-Sine Current Waveform
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CURRENT OUTPUT SUM (AMPS)

02 03 04 08 0.8 07 0.8 0.0

1.2 13 14 18 1.6 17 1.8
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1.0

0.0 0.1
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__TSSAMPBB ~ ||
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TSSAMPSBD
YA ]
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r
[ ’ .
0.0 0.1 0.2 0.3 0.4 0.5 0.8 0.7 0.8 0.9 1.0

SWITCH-ON TIME (SEC)
TAU=1,1, .314 I=.669 .884 .862

Figure A.6: Ramp-Sine-Sine Current Waveform
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A.2 RAMP-SINE CURRENT WAVEFORM NUMERICAL RESULTS
This section contains the FORTRAN program to calculate the power mini-
mization of different elementary waveforms. As configured, it is set up to determine
the minimum power and peak current for the Ramp-Sine waveform. The subsequent
table of numbers which follow are the result of the analysis performed and graphed

in Figure A.4.
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CSIN(PIFX(&))*X(5)#X(3)%X(&£) /(1. 0-X(4)*%2.0))))

S(1.0 = ((2.0/PI)*({X(12%X(2)) + X{(3) + X(4)*X(5))))

C
C
C
c
c
C

Trrr T aT I Yoy ot e ot

SUZROUTINE S(TAUL,I11MAX)
* THIS SUBROUTINE PLOTS THE EALY PERIOD CF A SINUSOID.
* VALUVE OF CURRENT AS A FUNCTION OF TIME.
¥ MaNINUM CURRENT AMPLITULE (F SINUSDID.
: NUMBER QF POINTS PLITTED

ALVE CF SWITCH

(S o8 )
[N
(&)

AMPO2810

MPO2E20
AMPOIE3O
ANPO2E-0
AMPO2830
AMP02860
AMPOZB70
AMPO28890
AMPO28S0
AMPQ290C
ANPC2910
AMPD2920
AMPO2630
4PC2940
ANPO2SS0
AMP22660
A¥PC297C
AMPDZ2S80
AMPQ2990
AMP03000
ANPC3010

© AMPO3C20

AMPJ3030
AMPO3C4L0

AMPC3030

AMPO230€EC
AMPC3CTO
ANPO3080
AMP03090
ANPG3ICO
£¥PO2110
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SUBROCTINE T(TAU1l,

TN
4 4

AX)

* THIS SUBROUTINE PLOTS HALF PERIOD OF & RAMP FUNCTION
> * VARIABLE LISTING wiiws
= I1(J)= VALUE OF CURRENT AS A FUNCTION OF TIME. AMP03430
> I1MAK= MAXIMUM CURRENT AMPLITUDEZ CF RANP. MPC3LLD
se J= NUMBER OF POINTS FLOTTED. AMP(034350
> TAU(J)= AESCISSA VALUT OF SWITCH ON-TIME. AMPO3460
* TaUl= DURATION OF SWITCH ON-TIME. AMPO34T
AMPO3LED
INTEGER J AMPC3L90
REAL Tall,IiMax AMPO3300
RZ3L 11(100),TAL(100),PI AMPG3310
GFEN (UNIT=3, FILE='RAMP', STATtS='NEW') AMPOZ320
PI= 3.141592654 :
TC 10 J=1,100 -
TAU(J)=J/106. 00 z
11(J)=(11MAN/TAC1) * TAL(I) c
WRITE(3,200)T400 ), 1(]) 3
230 FORMAT(' ',F%.3,3% F10.7)
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T1=2.0 * TAUl AMP02930

T2=2.0 * TAU2 AMPO2540
AMPC3930

DO 10 J=1,100 AMPO2960
12{J)=12MAX * SIN((2.0%PI*J)/(T2*%100)) AMPD3970

11(J)=11MAX ** SIN((2.0%PI*J)/(T1*100)) AMP03950

TAU(J)= J/100.0 AMPO3590
IF(TAU(J). LT. TAU1)GO TO 13 AMPCLO00
IF(I1(J-1).EQ.0)GD TO 14 ANPOLT10

13 IF{11{J).GT.0)G0 TO 15 AMPLLC20
14 11(J)=0.0 AMPOLO30
15 ISUM{T)y= I1(J) + I2(2) AMPCLCLD
WRITE(6,200)TAU(J),Z1(J),I12(J),1SUM(T) AMPOLUS0

200 FORMAT( ',Fé.3,3X,F10.7,3%,F10.7,3X,F10.7) AMPOLO6D
AMPO4L070

10 CONTINCE AMPOJB0
RETURN AMPOLGID

END AMP0L100

MPCA110
T AMPOL12T
AMPOLIRD
AMNPO-140
AMPOL150
SSS(TAUL,TAU2, TIMAX, I2MAX,TAUZ,13MAX) . ANMPCLIES
QUTINE PLCTS THE HALF PERIODS COF THREE SINUSQIDS AND AMPOL1T0
¢ ANPOL180C
AMPOL190
ANPQLZ00
ANPOLLL
VALUE OF CURRENT AS A& FUNCTION OF TIME. AMPOL220
VALUZ OF CURRENT AS & FUNCTION OF TIME £MPOLI30
VALUZ C7 CURRENT AS A FUNCTION CF TI
UM OOF I1(J),I2053),AND I300), &S

vt oo A DT T e AT
[SPoan o ve baral

& - -

LISTING *

DOOOONO
srpovef rrgowy 3T 0vg g

JSUMI 1003, TAUL 100D, 71
.

ANPO=SST
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D0 10 1,10
(J)=I3MAX * SIN((2.0%PI
(JY=I2MAN * SIN({2.0%PI
{ IMAX o SIN((2 Pl
J
J

N~
[ PSS S PNy S S S
-

LRl LD SN T SPRUP RN N

e LR NS N N A
A el e ]

l'l(:)',umu-vlw'v]',pwnw "

e

AN OO R - O

15 v 1) + 12(J) +
WRI V200ITAU(), 10(D)

200 FORMAT(' ',F6.2,3X,F10.7
C

CONTIN

RETURN

J)/(T3*100))
*2)/7(T2%102))
*J)/(T1*100))

AMPCOLAL90
AMPOL500
AMP0L3510
AMPOL52C
AMPOL3530
AMPOL540

AMPJL530
245640
AMPOLST

AMNPTLS580
AMPOL590
AMPOLECC
AMPOLELD
ANPCLEZD
AMNPTLS2D

SUERCUTINE TS/TAUL,TAl2,11
* THEIS SUFRODUTINZ PLOTS ”ﬁ; Ha T
i FUNCTION AND THZIR SO

A SINUSDID AND & RaMP

AMFCLBED
AHPO-’”

n

* VARIADLE LISTING oo
TLl
” I1{J)= V&LUE CF SIV”SO;N L CURFEINT AS A FUNCTION OF TIME, AMPOLTSD
= 120705 VALUE CF RANP AS A FUNCTICON COF TINEZ. 7a0
= 18Ul SUM CF I11(0) AND LZ(J) AS & FUNCTICN OF TINE. ot
RN CURRENT AMPLITUDE OF SINUSCID. T8%
* POLN CURRINT ANPLITUDE QF RAXM ]
+ ’= NUMEIR CF POINTS PLITTEZZ. by
¥ < =  AZECISSA QKITvi CN=-TIME. e
5 7 IR \VSCil z
& e ON-TINE
= TIRITD NUSCICT
Fr maveiams e
Clyafivy alhe i D e
‘\'T
Til230)
-:1 4N - -
RSN -
Caa s Ol <
. h ;
2 C
N 7 :
& \"’:
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ST

SU.

MM

Ve acanl

av20
I2MAN, TAU3, I3MAY)
TWO SINUSOIIS, &

A l"\ f'\
Avse
AP0
£NP0
a0

PIXI0LS OF

AP0

Q2O

3100

5110
3120
5120

3120

P0s150
03160

* = VATTUT OF SINUSQIDAL CURRINT AS & FUNCTION CF TIMNE. AMPO3LIT
: I2(y=  VALUZ OF RAMP CURRENT AS A FUNCTION OF TIME. AMPU51E80
I3{m 2TUT OF SINUSCIDAL CURRENT AS & FUNCITION OF TIME. AMPO51GO
it SUM OF IMJT),IZ{J),AND I2(J), AS & FUNCTION OF TIMEAMPL3ZOO
MENINGY CURRENT A: "'U £ CF NUSGIZ. AMPOSZ1C
= CURRENT ANPLITUDE COF AMPO5220
CURRINT ANPLITUDE OF AMP05Z30
Cr PCINTS PLOTTED. MPOS2S
AZSZISS: VALUZ OF SWITCH ON-TIME. AMP03230
T PERIOD CF SINUSOID. AMPC3Zel
i ATION OF SWITCH ON-TIME. AMT23270
Cr SINUSQID. &NFLE28
CF SINUSOID TaULl. ‘ MPZ2GO
0F SINUSCID TAUS. AMPC3Z0
Fl521
0522
0323
0234
130),7a001705 22 3z3
332
. 9527

DN RN RN I N
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i3 I
v
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SUBF=
SUBF=
SUBF=
SUBF=
SUBF =
SUBF =
SUBF=
SUBF=
SUBF =
SUBF=

SUBF=
SUBF=
SUBF=
SUBF=
SUBF=
SUBF =
SUBF=
SUBEF=
SUBF=
SUBF=
SUBI=
SUBF=
SUBF=

=+ TERMINAL TRROR

0.0852299
0.0852299
0.0852336
0.0852289
0.0852013
0.08351917
0.0851917
0.0851917
0.0851889
0.0851879
0.0831889
0.0851879
0.0851879
0.0851879
0.0831879
0.0851879
0.0831879
0.0851889
0.0851879
0.0851898
00531879
0.0853187Y
0.0831879
(IER = 130) FROM IMSL ROUTINE ZNMIN
130

0.5227677

0.9210671

1.3882836

1.0006771
1.0860013

0.0851879 0Compile time (seconds): 0.92 Lxecution time {seconds):
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APPENDIX B: 14 v, 14 W, BUCK/ZCS
QUASI-RESONANT BUCK DC-DC
CONVERTER

PARTS LIST

Switching Transistor

BUZ 60 8627 N-channel Enhancement Mode Transistor, 400 Vv, 1 , 5.5 Amps
Inductors
L, - 21.4 yH, Core 55208-A2 (u = 26), 22 turns of 22 AWG
Lo - 15.35 mH, Core FD78HL237350, 1 Amp
L - 51.3 pH, Core 557y8-A2 (1 = 26), 53 turns of 24 AWG
Capacitors
Cr=C1+Cy+C3+Cy =488 x 107°F
C; - 20.1 nF, 100 v, Z5U
C, - 14.07 nF, 100 V, Z5U
Cs - AE, 9.8 nF, 1 kv
Cy - 438804 Gudeman XFS-1813-10, 4.83 nF, 600 VDC
C=Cs+Ce+Cr=121 mF
Cs - USI, 594 uF, 50 v
Ce - USI, 514 pF, 50 Vv
C; - Sprauge, 96.7 uF, TE-1210, 75-25 DC, USA 7430 H
Diodes
D, - MUR 410 Ultrafast Rectifier, VR = 100 Vv, IF vy = 4 Amps
D, - MUR 410 Ultrafast Rectifier, VR = 100 V, IF(M,) =4 Amps
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D3 - MBR 735 Schottky Barrier Rectifier, VR = 35 V, If,,,, = 7.5 Amps
D, - MBR 735 Schottky Barrier Rectifier, VR =35 V, If,,,, = 7.5 Amps
Resistors

Ryoap - Jagabi Lubri-tact Rheostat, 53 2, 3 Amps

Rs-10.19

Support Equipment

Power Designs Inc. Regulated DC Power Supply, 0-36 V, 0 ~ 5 Amps
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APPENDIX C: SWITCHING ELEMENT
DATA

POWERMOS TRANSISTORS QUICK SELECTION CHART [From
Ref. 38]
POWERMOS TRANSISTORS

QUICK SELECTION CHART

This broad range of N-Channel VOLTAGE (VpgMax.)
enhancement mode MOSFET's facili-
tates simpler, faster power control in

SOV 100V 200V 400V 500V 600V 800V 1000V

a wide vanely of application. They 00028 PRFZLO e 10-22008
can be driven from microcomputers 003 BUZ'S 103
and TTL, and have a switching speed €003 BUINT SoT-9
that is several times faster than con- 00 oz
ventional bipolar devices. 004  BUZI4 . 10-3

Types are avaiiable with drain- 0004  BUZME S0T-93
source voltage ratings up to 1000V. o006 BUZINA TO-220A8
All are manufactured to have a con- $006  BUZ34I SoT.%

; ; €008 BUZ49A SOT.92
troiled threshold voitage, and ail 085 BUIZ - Jo-zeas
exnibit low on-resistance and high 0085 PRF540 o 10-22048
transconductance. o1 BUIT 10-220A8

001 BUITIL TO-220A8
.01 BUZNF SOT. 186
01 BUZIO 10-22048
SOURCE 0011  PARSH2 | 10-22048
011 BUZ21A TO-22048
012  BUZTIA 10-22048
$10; 0012  BUZTIAL + : 1— TO-Z0M8
Gate 012 BUZTIAF - . SOT-188
912 BUZICA . 4 : TO- 22048
012 BUZIE >t . 103
LE 018  PRAFS4D * ; i— TO- 2048
02 BUZT2 : T ‘ 10-22048
N 002 BUZ7L . +- T : + TO-220A8
Crain *02 BUTTIF : + i + : SOT-*A$
02 BU220 1 +—r : : . T0.2CA8
02 Bz : : * : : - 10-248
_ e0z: PRE5A2 —¢ : . . T0-22048
€ o2 BuTTA —e : . . TO-2AB
Structure of Power MCS w *025 BUZT2AF T + T : - : SO7-188
g ec2s  BUZTZAL e - SOT.188
< 032 BUI2 : 10 22¢AB
3 o4 suzs : - 103
T 0¢ BUD3 1 : 10-22048
T 04 BUZTIF — : SOt 185
04 EUIIS! ——e { . SOT-3
- - cs  BuZass ; - : : : 102
P OY 08 BUZ4S ? - 7 - 13-3
— 08 BUZTA - * t ‘ 10-22048
08 BUZI2AF ¢ i 507186
ece  BUZIS — 507.%3
075 BUZIO - TO-Z70A8
k . 08 BUIN . SOT-5a
]‘ ’ 08 BUZesA : : 1043
| 10 BUZSO ' -+ : T0- 248
i 18 BUZ4IA T : 1 1027048
18 BUZISS : SOT-3
TO-220A8 18 guI?s . * : T0-22048
20 BUZ? : ! 1072048
20 BU2ISE - + SOT-33
029 BUIM . . - i 10-220A8
025 BUZI0A . ——————— 10.27048
25 BUTTEA 1 —1 — TO.270AB
0 euzme 4 . — ‘ : TO-Z2048
30 8UZE%A - - : 7 ———t 10.220A8
*30  BUZN? - : . . —a— AR
e o 40 pUZTeA t T e it v0.1048
. b s40  BUZIE , . i — sorx
: : )( I 40 BuZ8D - - - . * - 10-22048
45 BuZeO * : . 1 TOz8
Voot il S0 BUZSCA . ‘ . + - + 10.72048
es0  BUINS . : - : T——¢— 50T%
SOT-9) e80 BUIIN + . <+ $O1.93
SOT-186 89 Buts : : ! ! 2 o 10.270A8
. 80 8uU2%B . + { 1 — e 10.22¢AB
o NEW FOR '88!
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BASIC DATA (in order of voltage/package/current)

Vos io Pt Ros on g's Cre
mex Type Package maL max. < typ. typ.
v Number Qutiine A w n AV pF
S0 BUZ10 TO-220AB 12 75 0.1 48 120
BUZ10A 12 75 012 48 120
BUZT1 12 40 01 48 160
BUZ71L 12 40 01 48 160
BUZ71A 12 40 012 a3 160
BUZTIAL 12 a0 0.12 48 160
BUZ11A 25 75 006 80 350
BUZ11 30 75 004 80 360
PRFZ242 46 125 0035 22 250
PRF240 51 125 0028 22 250
BUZ14 T0-3 39 125 004 120 500
BUZ15 45 125 003 120 500
BUZ348 50T7-93 43 128 004 18 800
BUZ347 49 125 003 18 800
S0 BUZT1AF | SOT-186 1" 40 012 48 169
BUZ71F 12 40 04 48 160
100 BUZT2A T0-220A8 14 40 028 38 80
BUZ72AL 1" 40 025 38 80
BUZ20 12 75 02 40 80
Buz72 125 40 02 k-] B0
8uzraL 125 49 02 38 80
BUZ2tA 21 75 0.11 35 200
BUZ21 24 75 01 35 200
PAF542 24 150 01t 13 90
PRF540 27 150 0085 13 S0
100 BUZ349A | SOT-93 28 128 008 18 500
BUZ349 32 75 006 18 500
100 BUZ72AF | SOT-185 7 40 025 38 80
BUZ72F 8 40 02 38 80
200 BUZ73A TO-220A8 58 40 06 35 80
|UZTY 7 &0 D4 3% B0
BU230 7 75 078 a5 100
BUZ3Z 95 75 04 as | 100
BUZJ! 125 75 o2 50 140
PRF&42 16 125 022 10 93
PRFBAC 18 12% 018 10 33
200 BUZ3E 103 22 129 212 7 500
200 BUZ?JAF | SOT.185 43 40 [+X3} 35 80
BUZ72F 53 40 o4 25 8Y
400 | BUZTSA [ 70.2204B 26 40 25 2t 25
BUZ™S 3 40 18 2% s
BULZ60 £5 7E 10 5 0
400 | BUZSA 70-3 1c5 125 c4 45 100
400 BUZ351 +$T.93 1.5 129 04 45 100
500 BUZT4A T0-22048 20 40 40 25 20
BUZ74 24 40 30 25 20
BUZ40 25 75 45 25 ki
BUZ¢2 40 b 20 25 37
BUZ414 45 75 18 z5 ol
500 BUZ45A T0-3 e3 125 08 40 100
BUZ4S 96 128 1) 40 10
BU2458 10 125 0S 40 100
50 BUZIN S0T1.93 80 125 08 8C 120
BUZ330 95 128 06 80 129
600 BUZ90A 10 22048 3s ] 25 25 by
BU 0 40 7 20 25 70
800 | BUZ8O 10.220A8 s 75 40 18 3
BUZ80a 3 75 30 18 20
800 B8U2357 §071.93 3o 75 30 18 £5
BuzZ308 40 75 40 18 £5
BUZ355 6 125 15 18 140
BU2356 H 128 20 1e 140
1000 | BUZ508 | 1022048 20 78 8e rs 20
BUZ50C 228 75 60 15 kis]
BUZEDA 25 TS 50 15 kS
1000 BUZIN S071.93 23 ? 60 5 55
82310 25 7% J 50 15 L5
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BUZ60 N-CHANNEL ENHANCEMENT M.ODE TRANSISTOR

DATA SHEET [From Ref. 48]

Siliconix
incorporated

) - 4

MOSPOWER

PRODUCT SUMMARY

BUZ60

N-Channel Enhancement Mode Transistor

TOP VIEW

TO-220A8

parT | Vismioss | Tosion) \ 'p } 5 vaY
NUMBER VOLTS | HM MpP ’
v ( ) (OHMS) (AMPS) 1 GATE " l:
BUZEO ‘ 400 ‘ 1.0 2 DRAIN ) |
3 SOURCE 123
ABSOLUTE MAXIMUM RATINGS (Tc= 25°C unless otherwise notec)
i ‘ o
PARAMETERS/TEST CONDITIONS ] Symbol I BUZS0 { Units I
Crain-Source Voitage ‘ Vag t 432 ‘ v ?
Gate-Scurce veltage I Vas | 243 ! :
| Te=28c ) | 5.5 ! !
Continuous Crain Cu-rent s | ;
| To=tc0c | | 37 i :
| Puisec Dran Current! [ <1 ! i \
Avalancne Current (see figure § |} ‘ Ia ! £S5 | '
Te = 28°C 5 |
Pcwer Dissipation ’ c I P~ ‘ w ;
- Teseze | 7| 32 ! |
~ " i
Operaung Junction & Sicrage Temperature Rangs P Tsrg | -55 to 150 I i
Leag Temperature (1/16° from case for 10 Secs.) ’ TL , 350 , '
THERMAL RESISTANCE RATINGS
| !
THERMAL RESISTANCE [symeel i Tyo. ! Max P ounas
iJun:r:cn-to-Ceso ! Rop.o . v 7
Jancton-to-Ampiert ‘ Rpsa | . i e Y '
Case-to-Sink I B-g 1 . |

A
Puise width imitec by maximum juncticn termperature (refer 19 trans.ent tresral "mZeZanies cala. fjure

124
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BUZ60 : Siliconix
incorporated
ELECTRICAL CHARACTERISTICS (T4=25°C unless otherwise noted)
PARAMETERS/TEST CONDITIONS Symbol Min. Typ. Max. Units
Drain-Source Breakdown Voitage v
400 - -
Vas = 0, In = 250 {BR)DSS
Vgs = 0. Ip = 250 uA v
Gate Thrashoid Voitage
Vos= Vgs. /0= 1000 pA s vGS(thl 2.1 - 4.0
Gate-Body Leakage
Vpg= 0. Vgg =120V lgss - 10 100 nA
Zero Gate Voltage Drain Current | s
Vps = V(BRIDSS - VGs = 0 Dss B - 250
Zero Gate Voltage Drain Current ; 1000 KA
Vps = VlBRlDSS . Vgg # 0. T =125°C Dss - -
On-Stats Drain Currem? | 5.5 _
Vps = 10V, Vgs =10V D(on) : - A
Orain-Source On-State Resistance? r - 0.8 1.0
Vas =10V,Ip= 2.5A DS{on} . . a
Orain-Source On-State Resistance? r .
Vas = 10V, Ip= 2.5 A.Ty = 125°C DS(on) 1.8 1.9
Forward Transconductance 2
Vos =15 V., ip = 2.5 A Ors 1.7 2.2 - SO
Input Capacitance Vgs = 0 Ciss - 750 2000
Output Capacitance Vpg =25V Coss - 150 180 pF
Reverse Transfer Capacitance f=1Muz Crss - 50 60
Total Gate Charge Vs = 0.5 x Vign)Dss. Qg - 23 30
Vae=10V,'n= 5.5 A
Gate-Source Cnarge Gs N fe) - 7 _ nC
{Gate charge is essentially gs
ingependent of ocerating
Gate-Drain Charge remperature) ng - 12 _
Turn-On Delay Time Vop = 30V R = 108 ta(on) - 22 45
R.se Time o= 2.7A. Vgen=10V t - 45 €0
Rg =250 ns
Turn-O# Delay Time ) ‘ 'd(oﬂ) - 80 140
{Switching time is essentially
Fal Ti ndgependent of ogerating
ail Time temperature) ty - 55 §5

SOURCE-DRAIN DIODE RATINGS & CHARACTERISTICS

(Ty= 25°C unless otherwise noted)

PARAMETERS/TEST CONDITIONS Symbol ‘ Min. Typ. Max, T Units
Continuous Current ls l - - 5.5
. A

Puised Current’ ism l - - 22
Forwara Voitage? {

lg=2xlg . V3s=0 Vso - 1.2 1.6 v
Reverse Recovery Time t

Ig =ig, cip/ct = 100 A/us rr - 250 - ns
Reverse Recoversc Charge ,’

IF = ig. dlg/at = 100 A/yuS Qrr - 1.5 - ! o

'Puise width Lrmited by maximum junction temperature (refer to transient thermal impecance cata. figure 11}
2Puise test: Puise width < 300 usec, Cuty Cycie € 2%

12
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Siliconix
incorporated

BUZ60

PERFORMANCE CURVES {25°C Unless otherwise noted)

lg — DRAIN CURRENT (A)

gy, — TRANSCONDUCTANCE (S)

€ - CAPACITANCE {pf)

-
FIGURE 1: Typical Output Characteristics

" 1

Vgs=9. 10V

8
//"“
8V
6 : 7V
4 P
/ 5V
2 G ;
SV
0 ’ . ‘

o] 2 4 6 8 10
Vas — ORAIN-TQ-SOURCE VOLTAGE (V)
FIGURE 3: Typical Transconcductance

5
4 o
Te=-5"C .
e
|
I

¢ — CRAIN CURRENT (A}

FIGURE §: Typwcai Capacitance

|

750

£C0 W ‘ "
252 <
Crss_ , |l
: ‘
¢ 2 1C F] 3% 40 S0

Vrg = ORAIN-TC-SCURCE VCLTAGE (V)

126

~ DRAIN CURRENT (A)

*sgen) = DN-RESISTANCE ()

Ves — GATE-TO-SOURCE VOLTAGE (V)

H

3.0

2.5

2.0

12.5

10.0

7.5

50

2.8

FIGURE 2: Typicai Transfer Characteristics

Te=-s5°C [[f 35°C
125°C
J/
0 2 4 6 8 10
¥gs — GATE-TO-SOURCE YOUTAGE (v}
FIGURE 4: Typical On-Resistance
) L
Vag= 10V
GS
! | /
! 20 V
!
e} 5 10 1§ 20 25
g — ORAIN CURRENT (A)
FIGURE 6 Tycical Gate Charge
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BUZ60

PERFORMANCE CURVES (25°C Unless otherwise notad)

=~ ON-RESISTANCE (Q1)

(NORMALIZED)

Fo5(en)

NORMALIZED EFFECTIVE TRANSIENT

CURRENT (A}

THERMAL IMPEDANCE

FIGURE 7: On-Resistance vs. Junction Temperature

Siliconix
incorporated

FIGURE 8: Typlcal Source-Drain Diode

Forward Vonaao

100

2.25 =
/ } 7L s <
2.00 = - : IIl —_[L, 1
= LAy T = 150°C .
1.7% / é 7/
-4
1.50 7 2 /
10 {
bt ® e
1.25 A -
=2
/ a
1.00 0
/ -~
0.75
0.50 . 1 i
-50  -10 30 70 110 150 0 1 2 3 4 5
T — JUNCTION TEMPERATURE (°C) Vso — SOURCE-TO~DRAIN YOLTAGE {v)

FIGURE 9: Maximum Avalanche and Drain

Current vs. Case Temperature

FIGURE 10: Sate Operating Area
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| = oLy LIS T TN 10w
b
4.5 ~ g = S =
o TN TS 100 us—
z 4 SN N Th
3.0 -< N e
AN g | | NL[L\_\ N 1 ms|
i S
15 AN e EEsc- ooy e ]
il Slngra Pulse M‘,‘ ‘]\ A 1[:03 rs—
o.¢ LU T T TIEem
0 25 50 75 100 125 150 ED 100 1003 27C0
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FIGURE 11: Normalized Eftective Transient Thermal impedance, Junction-to-Case
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APPENDIX D: GENERAL SWITCH-MODE
POWER CONVERSION STORAGE
COMPONENTS AND SWITCHES

INDUCTOR CORE MAGNETIC AND WINDING INFORMATION
DATA SHEET [From Ref. 49]

—~—  0.800
WINDOW AREA 225600 civ. mts
0.500 - CROSSSECTION 00356w° 0226 cin-
i PATH LENGTH 2.0 in S09cm
WEIGHT 0.26 oz 19.gm
, {.023 1)
—1! WINOING TURN LENGTH
0.250 WINDING FACTOR LENGTH/TUAN
—_— 100% wniry)  0.1204 1t 367 em
} 60% 0.1032 h 315 em
a0% 0.0864 t 263 cm
% 0.0791 h 241¢m
0% 00763 & 2.33em
CORE OIMENSIONS AFTER FINISH WOUND COIL DIMENSIONS

UNITY WINDING FACTOR
00tmax) 0.830in 211 mm
10 iing 04750 1207 mm 00max.) 1.138in 292 mm
HTimax.) D0.280in  2.11mm HTimax)  0.684:n 174 mm

MAGNETIC INFORMATION .
S arg*m' INDUCTANTE X HOMINAL S5 Aa FNISHES S B GRADING . 51

“BINE
et Y CHRY,

IPART << PERM . € 1000 TURNS A Y0C RESISTANCE 3. i AND LS &»ASTATUS' 23T PER

A f e A A R e e i 5 ST BILZATION S o S EAHOY TS e o S
§5209- 14 7.8 1.03 A2 . 3 46(<1300 pauny
55208~ 28 14 0.873 A2 . §.821<1300 gount
55848~ 60 32 0.251 Atl YES 148 1<1500 gauns
85206~ 125 68 0.118 ALL YES 30.3 (<1500 saunsy
55238~ 147 81 0.0990 ALl YES 363 (<1200 gauusi
§5204- 163 87 0.0922 ALL YES 335 (<1320 e
§5206- 173 g8 0.0835 ALL YES 42.7 (<1300 pautn)
§5203- 200 169 0.0735 ALL YES 49.4 (<600 gautn
$5201- 300 153 0.0492 AZand L6 YES 741 1<300 peurn
55202~ 550 320 0.0250 A2 YES 136 1<39 gautss

14 46 60 and 12%u
TvDes are avaiabie

Ser s 8e mamt WINDING INFORMATION
:on umfv wwcmc lAc'g,a

See p. B4, "How to Oroer”,

E’.&.("“ x
TURN LA OHNS 2 i

1 25 0.00374 26 11} 328
12 N 0.00581 27 836 517
13 19 0.00929 28 1.025 8Cs
14 43 001263 29 1,283 1241
15 (14 0.0230 0 1.867 1962
16 5 0.0364 k3] 1928 304
17 93 0.0567 32 2,350 458
18 16 0.0895 33 2,918 123
19 148 0.1402 34 Im 1esd
20 181 8220 5 4.60% 1835
21 226 0.348 16 FR-LE] 284

- 22 279 0.547 27 5342 428
2] 34) 0848 38 85678 677

- 24 433 1338 39 11110 1139
25 s 207 40 14,122 1,821

NOTES P EASE CHECK Wit F ELO SALESOFFICE FOR FURTHMER STARIL JATICN AND GRAD NG INFCRMAT:CN

PoTg NOMINAL ZZ PES STANCE AND THE Roc ARE THEDRET CAL VALUES DT ATTANARLE INPRASTICE
PLEASE SEE w-&OV'vG CONSICERAT.G*S
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SWITCHMODE POWER RECTIFIERS DATA SHEET [From Ref. 50]

1. Schottky Barrier [From Ref.

MOTOR

OLA
i3 SEMICONDUCTOR mmemnmms
TECHNICAL DATA

50)

MBR320P MBR330P
MBR340P
See Page 3-50

SWITCHMODE POWER RECTIFIERS

useng the Schottky Barcier ponc ple with & piatnum barrer metal
These siate-of 1he ort Gevices Pave Ihe tollowing leatures
® Guardring lor Stress Pratection
® Low Forward Voliage
® 150°C Qperating Junciion Temperaiure
® Guaranteed Reverse Avalanche
® Epony Meets ULI4 VO 21 ). 8" i

MBR735
MBR745

SCHOTIKY BARRIER
RECTIFIERS

75 AMPERES
35 and 45 VOLTS

CASE 2218.¢1

Y0 220AC
PLASTIC
— —
MaXIMUM BATINGS
Aaing TLRrtS v
Pear Serwitve Baverse viiiage ;
Ve vmg Fase Beve-<e vriage m | e
g vortage |
i - — .
€0 5erma g CurreniRaen val LEY ' A~py
e e e e '
Chve O naed C v Y ' amas
Wave 208Hr 1. 105 C |
Noregaiive Peos Su e Cunent < amay
1Su'ge 30009 41 18°02 I0ad ZoNa1 10N Nl mave
wrQw prase €0 i
v Revwose Surge Cureent -7 amcy
v Camn .
81 ng Junciion Temoeigryre €5 rer b :
s T ot : !
Sin-#ge ‘empersiyre LI v < I
¥ol3ge Rate of Charge Baie, 1000 s ]
4 N '
et | “ o
€ N l
vany )
s i
N 1
F 18 Amg te . I
” g - I - T ToTTTTT T e e N ‘ N
Moemumic g anianems Beverse Current it - -
Paon g vonage 1o 136 €, Ve . ,
o, 2 -
J




'5{av AVERAGE FORWARD CURRENT (AMPS) 15, INSTANTANEQUS FORWARQ CURRENT (AMPS)

Pgiav) AVERAGE FORWARD POWER OISSIPATION (WATTS;
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FIGURE 1 — TYPICAL FORWARD VOLTAGE
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9. UltraFast [From Ref. 50]

JCAL DATA

OLA
CONDUCTOR I

MUR405
MUR410 -
MUR415
MUR420
MUR430
MUR440

MUR450
MUR460
MUR470
MUR480
MUR490
MUR4100

SWITCHMODE POWER RECTIFIERS

for use in g power

. inverters and

At free wheeling diodes, thess state-0l-the.art devices have (he

following leatures:

& Ultrafast 25, 50 and 75 Nenosecond Aecovery Times

® 175°C Operating Junction Tempersturs

© Low Forward Voltage
® Low Leskage Current

® High Tempersture Glass Passivated Junction

* Reverse Voltage to 1000 Voits

ULTRAFAST
RECTIFIERS

4 0 AMPERES

50-1000 VOLTS

CASE 28702
PASTIC

MAXIMUM RATINGS

T

MUR

|

}
Symbol [l—ﬂ

Rating 410 ) 495 [ 4201 40 1 440 {450 (460 | 470 ) 480 | 490 (4100] Unk |
Pest Reoetitive Reverse Vortage vpam | 50 | 100 | 150 { 200 | 300 | 400 | 500 { 800 { 700 | 200 | 900 11000} VoRrs
Working Fesk Revarse Voitege YRWM '
OC Biocting Yohsge va !
Average Rectified Forward Current (Square Wave! Ip(Av) {4078 Ta « 80°C 406@ T) = a0C 406G Ty = IS°C |Amos;
(Mounting Mathog @3 Fac Note 1)
Nonrepenive Pesk Surge Currant [[33Y] 125 n Amps
1Surge eppiad ¥t rated 108G CONdILONS Raifwave,
nngie phase, 80 i
Oparsting Junction Temperaeyre and T Tep -85t0 <178

Storege Tamperature

l

THEAMAL CHRARACTERISTICS
simum Therma Resitance, Junction 16 Ampent | Raja | See Note 1 w |

ELECTRICAL CHARACTERISTICS

Moximuem instantsneous Forwerd Voltage (1) vE Voits
g=30 Amp, T = 150°C) one 10% 183
tp=20 Amp T)=25°C} aars ALY AR Y
Ggad g amp. ¥ e 780y 08% 1278 189

Mezimum Intisntaneous Aeverse Current (1) " nA
(Rated ac vortage, T = 150°C! 150 /0 "
thated ac voltege. 7, =25°C) 30 10 2%

Maunmum Roverse Recovery Time ter -
g =10 AmD, dvdta 50 Ampipa) bi] L] 100 ﬂ
N5e08 Amo me10 Amp lngr =025 Amp! k4] ke 8 i

Marmum Forwerd Recovery Time | e | 2 %0 ] o |
fige 1O A VN @ 100 A s Aecovervto 10V ¢ |

Pvise Teot Pt WIOA o 300 ns, Dury Cvetw €2 0




if. INSTANTANEQOUS FORWARD CURRENT (AMPS}

Priavs. AVERAGE POWER DISSIPATION (WATTS)

MUR405, 410 AND 415

FIGURE 1 — TYPICAL FORWARD VOLTAGE
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MURJ405 Series

NOTE 1 — AMBIENT MOUNTING DATA

Data shown for thermal resistance junction-to-
smbient {Rgya) for the mountings shown is to bs used
as typical guideline values for preliminary engineering
or in case the tie point tampersture cannot be measured.

TYPICAL VALUES FOR Rgja IN STILL AR

MOUNTING | LEAD LENGTH. L (N)
METHOD [ 18 | va | 12 | 34 [ units

) 50 | 5 53 55 | ‘TwW
2 Rgsa | 58 59 61 63 ‘cw
3 28 Cw

MOUNTING METHOD
£.C. Bonrd Where Availabie Copper
Surface ares is small.

t—] ._-1
=y
AN

MOUNTING METHOD 2
Vector Push-In Terminals 7-28

ra

L=

MOUNTING METHOD 3
P.C. Board with
-9 x 1-172° Copper Surface

Lez

i B

Board Ground Pisne

MECHANICAL CHARACTERISTICS

Case: Transfer Molded Plastic
Finish: External Leads are Plated, Leads sre
readily Soldersbie
Polsrity: Indicated by Cathode Bandg
Weight: 1.1 Grams {Approximasteiy)
Maximum Lead Tempersture for Soidering
Purposes:
300°C, 1/8° from case for 10 s

OUTLINE DIMENSIONS

ot
-ee
(I

13
10
STYLE

PNt CATHOOE
2 ANODE

NOTES
1. DIMENSIONING & TOLERANCING PER
ANSI Y145 138;
2 CONTROLLING DIMENSION INCH

MILUMETERS WCHES |

OO U MIN T MAX | WIN | WAR |

A - 1881 - joye ]

[] - 8y |~ e

[ REEEEEIT LN

T %%, ~ Jom ]| -
CASE 28702
PLASTIC
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APPENDIX E: GATE DRIVE CIRCUIT FOR
BUCK/ZCS, QUASI-RESONANT DC-DC
CONVERTER

PARTS LIST

Transformer

Magnetic Circuit Elements Inc., 0-1618T2, Turns Ratio £2%, DCR +20%
Primary (5-1): 20 Turns #32 AWG
Secondary (2-6): 20 Turns #32 AWG

Transistors

@, - High-Speed Switching Transistor. Silicon PNP, CGGJTX 2N3636 K8314 (fr

= 200 MHz)

Q- - High-Speed Switching Transistor, Silicon NPN, TI1 2N3252 210 (fr = 200 MHz)

Capacitors

C4 - Sprauge 225P. 1.0 = 10 % - 75 DC

(g - 0.001K. X3E. 1 kV

Ce - +80-20%. 50 V. ZSV

Resistors

Re - 10 Q £ 5%

Support Equipment

DC Power Supply - HP 6218A,0 ~ 50 V (60 Varax). 250 mA
Textronik 2213 60 MHz Oscilloscope

20 MHz Pulse Function Generator Model 145 Hewlett Packard




APPENDIX F: CLASS B OUTPUT STAGE
DATA SHEETS

Transformer & Inductor Specificiations [From Ref. 49)

GENERAL
l AEFERENCE SPECIFICATIONS AND DRAWINGS DATE Part No. |
: 7-13-38 0-1618T72

CYBERUATA

LLECTRICAL
SCHEMATIC DIAGRAM—VOLTAGES. CURRENTS, MEQUENCY. TOLERANCES, IMPEDANCES {SOURCE,
INPUT, LOAD), WINDINGS. TAPS, POLARITIES, SHIELDING, ETC.

WINDING  TURNS RATIO + 24  DCR + 20% 5 4 —* 2
— £
5-1 1.000 (Ref) 20T #32 J § 20T #32
1 6
2 -6 1.000
RLEAAARGAELERRRA /1nductance At Terminals ( 5-1) shall ve:
MAX, ) MA, AV, L.
MIN.; HENR?ES : ?0-3 Measured at 1 voLTS 1000 CPS,
N PHASE SHIFT FREQUENCY RESPONSE HARMONIC DISTORTION DUTY CYCLE
A -
CAPACITANCE TEST YOLTAGE 3 b hz INS IMPEDANCE TEMPLAATURE RISE .
3750 VAC R3S =
FACKAGING For V.D,E
OUTLINE DRAWING—CASE & MOUNTING DIMENSIONS TERMINALS. IDENTIFICATION, FINISH
150 TYP
PIN#L .30
—\ 035 HIGH STANDOFF | Min| 2 MAX —

0
ow

NOTCH }\p TYP - 4 PLCS
1 —_
L] X ' q {'
L]

+ .71 MAax 500
N L -

*

2 6 \\
57 N\ .023 5Q. PIN, TiN PLATED

MAX PHOSPHOR BRONZE, 6 PLCS

= .81 MAX —f

o
=4

ENVIRONMENT
TEMPERATURE RANGE TEMPERATURE STABILITY SHoCX VIBRATION
ALTITUDE HUMIDITY Ure

1540 MOFFETT ST.
MAGNETIC CIRCUIT ELEMENTS INC. SALINAS. CA 93805
PHONE: (408) 757-8752
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2N3252 NPN Silicon Transistors [From Ref. 51]

TYPES ?7N20la2, 2N3253
N-P-N SILICGN TRANSISTORS

BULLEYIN NO. OL'S 737436 MARCH 1985~ REVISED MARCH 1973

DESIGNED FOR HIGH-SPEED, HIGH-CURRENT SWITCHING APPLICATIONS

mechanicol dote

THE COLLECTOR 1S 1N
- ELECTMICAL CONTACT
th [ WiTh THE CASE
b ammre
. AN ALL JECEC TO.39
b T‘"*,‘ 7/’\;5 DIMENSIONS AND NOTES
B e
Y AAE APPLICABLE®
- Lt

~
77 s owimcmn an
e

1) O mrrea
wicono

obsolute maximum ratings at 25°C free-air temperature (unless otherwise noted)

INI252 2N3253

Collector-Base Voltage . . . . . . . . . . . . . . . . . ., ., v 75"
Coliecter-Emitter Voltoge {See Note 1) . . . . . . . . . . . . . , . . 320« 40"
Emurer-Bose Voltege . . . . . . . . . L L ... Sv’ Se°
Coilecror Current . . . P . <+ 1 "

Continuous Device Dissipation ot tor below) 25°C Free-Air Tempercture (See Note 2} «—— | w'—>

Continuous Device Disnipotion of (or betow) 25°C Case Temperoture (See Note 3) . . «— {Iﬂ >

Sw*
Storoge Tempercture Range . . . . . . . . . .« o« .« . . . . . . —$5C 1o ~20C°C"*
Leod Temperature », incn from Cose for 60 Seconds . . . . . . | | | | | — 300°C"—+

*electrical characteristics at 25°C {free-air temperoture {unless otherwise noted)

“trrg
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Ve (eacier-bons Lvasdoen fenepe te = 10 w0 ) 17§ ]
T mcae iecw Emime Jucrasws Voo 1= ima Son Bty 4 30 ) @ .
¥ e (e -bow Irvetsevn Teten s = 15 ue L B . )
Y, 0r 05 | TR
Yoy = ot ! 05 1 ue
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; Voot W P N e
Uien “r B -
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Secate inseriy 10 200 C 1o -
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TYPES 2N3252, 2N3253
N-P-N SILICON TRANSISTORS

*switching characteristics at 25°C free-air temperature

PARAMETER TEST CONDITIONSt W UNIY
I Oaioy Time Uie = 500me, lay = S0ma, Vagen = =27, 15 i 15 4 e
T Rrie Time IR =500, Seefgunl W ¥ nset
1, Storoge Time le = S00mo, Inny = —tuy = 50ma, 40 4 nsec
1 Foli Trme R =590, See Figure 2 0 I i
& Toto! Contrel Chorge le = 500ma, I = 50ma.  Ses Figure 3 B | 5 ] ~h
Troliops oad rremt vaton Bows o1 amnisel; Qe seive Yy sightty ¥R ITessitier permeen,
*PARAMETER MEASUREMENT INFORMATION
W v
§ 550 590

2008}

:

TEST CIRCUIT

NS
—-" te po—
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X |
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2N3636 PNP Silicon Transistors [From Ref. 51]

TYPES 2N3634 THRU 2N3637
P-N-P SILICON TRANSISTORS

SULLETIN NO. DL-S 7311934, JUNE 1973

HIGH-VOLTAGE TRANSISTORS
FOR GENERAL PURPOSE AMPLIFIER AND SWITCHING APPLICATIONS

e High V(BRICEO - - . 140 V (2N3634, 2N3635) or 175 V (2N3636, 2N3637)
e High Dissipation Capability ... 10 W at 25°C Case Temperature

mechanical data

THE COLLECTOR IS IN ELECTRICAL CONTACT WITH THE CASE

9 2-nase
LA - towzion

AlL JEDEC TO-39 DIMENSIONS AND NOTES ARE APPLICABLE®

sbsolute maximum ratings at 25°C free-air temperature (unless otherwise noted)

2N3634 2N3636
2N3635 2N3637
-140V* -175Vv°
—-140V*® -175V"*
~5Vv* -5v*

— A
-— W —

Collector-Base Vo, je .

Coirector Emitter Voltage (See Note 1)

Emitter-Base Voltage

Cortinuous Collector Current .

Conunuous Device Dissipation at (or below) 25 C Free Alr Tempera(ure (See Note 2)

10 W
Continuous Device Dissipation at (or below) 25°C Case Temperature {(See Note 3} . . . . . { 5w*
Sicrage Temperature Range -65°C to QQO’“
300°C!
Lead Temperature 1/16 Inch from Case for 10 Seconds e e, - 240°C*
NOTES t These vaiuss apoly between 0 and 10 mA collector Current when the c"r-ulbbl“ d:ode 15 open-circu1ed

2 Derate tinearly to 208°C freean temperature ot the rate 0! 5.7t mw °C
J Derate the 10.watt ranng linearly 10 200 C case temperature at the rate of 57.1 mw. “C. Derate tha 5-watt (JEDEC tegistered)
rsting hinearly 1o 200°C case temperature at the rats of 28.6 miv "C
100 JEDEC registared Outiing 1or these devices 1s TO 5 TO-39 talls within TO 5 with ™he except,or of lead length
“JECEC regsterel data. This data shest contains &l applicabie registered data n eftect at the time 0! DuLlicatien
"Tresw vaiues are guaranteso by Texas instruments in addition t0 the 'S DEC registerec values which are aso shown
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TYPES 2N3634 THRU 2N3637
P-N-P SILICON TRANSISTORS

*electrical characteristics at 25°C free-air temperature

2N3634 2N3635 2N3636 2N3637
PARAMETER TEST CONDITIONS UNIT
MIN MAX | MIN MAX | MIN MAX | MIN MAX
Collector-Base
V(BRICBO Breakdown lg=—100uA, Ig=0 -140 -140 -175 -175 v
Voltage
Collector-Emitter
v Breakdown lc=~10mA. 1= 0. -140 —140 ~178 -178 v
{BRICEO Sce Note 4
Voltage
Emitter-Base
V(BRIEBO Breakdown lg=—10uA, Ic=0 -5 -5 -5 -5 v
Volitage
Coli Cutolf
IcBo oliector Ly Veg=-100V. Ig=0 -100 -100 -100 -100| na
Current
Emitter Cutoff
1EBO Vep=-3V, Ic=0 -50 -50 -50 -50| na
Current
VCE=~-10V. ic=-0.1mA 40 80 a0 80
Static Forward VCeg=-10V, Ic=~1mA 45 90 45 20 '
hgg Current Transfer | Veg = =10V, g =—-10mA | See 50 100 50 100 :
Ratio Vee =-10V. Ic=-50mA | Note 50 150 100 300 50 150 100 300
VCE= -0V, Ic=—150mA| 4 25 50 25 50
Base-Emstter lc=—10mA, lg=-1ma | 5% -08 -08 -08 —oﬂ
Vae Note v
Voitage Ic=-50mA, lg=-5mA 4 |-065 -09|-065 -09(-066 -09|-065 -09
See
Collector-Emitter [l = —10mA. 1g=-1mA -0.3 -0.3 =03 -03 ,
VcEe(san s Note PV
3turanon Yollage Ic==50mA, lg=-5mA a ~-0.5 -05 -05 -05%-
Small-Signal
hie Common-Emitter 0.1 06 0.2 1.2 01 06 0.2 1.2] wi
Input impedance 1 i
Smali-Signa! |
Common-Emitter
hie 40 160 80 320 40 160 83 320
Forward Current
Transier Rauo Veg= -10V, lg=-10mA, )
Smali-S.gnal .
n Commen.E mitter I x 3x 3 x 3~
" Reverse Voltage 104 1074 10-4 104
Transter Rauo
Small-Signat
)
Com Emitter i
hoe omemon Em! 200 200 200 200] umhol
Output
Admuttance
Smali-Signa!
Commaon-Emitter | Vg = =30V, I¢c= =30mA,
hye 15 2 15 2 '
Forward Curcent | f = 100 MH;z l
Transfer Rato
Comrmon-Base !
Open-Circunt Vcg=*-20V, 1g=0
C, 10 10 10 10| of
obo Outout f= 100 kHz I
Capacitance |
Common-Base v v . 0 ‘
Cibo Open-Circu * €e - c 75 75 75 75 of
fe 100 &H2
Input Capacrtance l

NOTE 4 These paramerers must DE measured using puise technigues t, = J00 us duty cycle € 27

140




TYPES 2N3634 THRU 2N3637
P-N-P SILICON TRANSISTORS

*operating characteristics at 25°C free-air temperature

PARAMETER TEST CONDITIONS MIN  MAX JUNIT
Veg=-10V, Igc=-05mA,
F  Spot Noise Figure CE c 3 9B
Rg=1kQ,  t=1kHz

*switching characteristics at 25°C free-air temperature

PARAMETER TEST CONDITIONS' MIN  MAX [UNIT
Vee = =100V, Ic= -50mA,
ton Turn-On Time Ig{1)= ~SmA, Vgg(offy =4V, 400 ns
See Figure 1
Vee=-100V, ic=-50mA,
toff Turn-OHf Time 1g{1) = -SmA, Ig(3)=5mA, 600 | ns
See Figure 1

‘vau:ge and current vatues shown are nominal, gxact values vary shightiy with transistor parameters.

*PARAMETER MEASUREMENT INFORMATION

—100V

ouTPLT

INPUT

TEST CIRCUIT

3 —— — a1V —— —
te, —— by
INPUT INPUT
585V — — b 5y —— ‘
1 1
-1 -t
.

~ b

QUTPUT . ouTeuT
o

o
by
j

VOLTAGE WAVEFORMS

FIGURE 1

“LTES A The ynput waveforms are supphed by & generator with the following tharscterisucs 2oyt =508 4, X 2008 1, K 20 Ny,
e = 20 s duty CyCe & 2%
B Wave'orms are mor.tored On 20 0352)1t03CODE with the following charactenstics t, & 10 0. R, 3 100« D2 C,n X S pF

© tDEC regrstereu uata
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